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Disorder  may  be  created  by  the  substitution  of  one  element  for  another  where 
the  elements  are  found  on  the  periodic  chart  of  elements.  One  compound  that  has 
structural  disorder  is  UCu5_j;Nii  where  the  transition  element,  copper,  is  replaced 
with  another  transition  element,  nickel.  Another  compound  that  has  disorder 
is  UCu2 312-1  Gcj;  where  silicon  atoms  are  substituted  with  isovalent  germanium 
elements.  The  disorder  in  these  two  compounds  leads  to  interesting  physics  at  low 
temperatures. 

UCu5  is  antiferromagnetic  at  around  16  K;  however,  the  antiferromagnetism 
may  be  suppressed  by  doping  nickel  atoms  onto  the  copper  sites  in  the  unit  cell. 
The  antiferromagnetic  transition  is  suppressed  to  zero  for  the  UCu4Ni  compound, 
leading  to  non-Fermi-liquid  (NFL)  behavior  due  to  a  quantum  critical  point. 
Multiple  UCu5_a;Nix  compounds  with  small  changes  in  the  stoichiometry  are 
synthesized  around  UCu4Ni  in  order  to  investigate  if  the  cause  of  NFL  behavior 
crosses  over  from  a  quantum  critical  point  to  rare  strongly  coupled  magnetic 
clusters  in  a  Griffiths  phase  scenario.  The  investigation  is  carried  out  by  performing 


the  following  measurements  on  UCu5_iNia;  compounds:  1)  x-ray  diffraction; 
2)  direct  current  (dc)  magnetic  susceptibility  as  a  function  of  temperature  in 
various  magnetic  fields;  3)  alternating  current  (ac)  susceptibility;  4)  magnetization 
measurements  as  a  function  of  magnetic  fields;  5)  low  temperature  dc  resistivity; 
and  6)  low  temperature  specific  heat  in  zero  and  applied  magnetic  fields  (up  to  13 
T). 

UCu2Ge2  and  UCu2Si2  are  ferromagnets  with  ferromagnetic  ordering  temper- 
atures, Tcurie,  occurring  at  around  108.5  K  and  102.5  K  respectively.  Various  com- 
pounds lying  between  the  two  aforementioned  ferromagnets  on  the  UCu2Si2_xGea; 
phase  diagram  were  synthesized  in  order  to  test  theoretical  predictions  made 
concerning  the  nonmonotonic  behavior  of  Tcurie  as  a  function  of  the  amount  of 
structural  disorder.  The  nonmonotonic  behavior  was  confirmed  by  measuring 
the  dc  magnetic  susceptibility.  As  the  amount  of  disorder  is  varied,  the  electron 
scattering  crosses  over  from  a  ballistic  regime  for  no  structural  disorder  to  a  dif- 
fusive regime  when  disorder  is  present.  This  crossover  is  proven  by  dc  resistivity 
measurements. 


CHAPTER  1 
•;     INTRODUCTION 

The  chemical  substitution  of  one  element  for  another  element  has  been  a 
longstanding  practice  in  the  condensed  matter  physics  community.  In  fact,  the  first 
system  published  that  claimed  non-Fermi-liquid  (NFL)  behavior  [i.e.,  deviations 
occurred  from  Fermi  liquid  behavior:  at  low  temperatures,  p  (the  resistivity)  =  po 
-h  AT^,  X  (magnetic  susceptibility)  and  C/T  (specific  heat  divided  by  temperature) 
approach  a  constant  value  as  T  ^  0  K]  was  Yi_a;Uj;Pd3  by  Seaman  et  al.  [136]. 
This  NFL  behavior  in  Yi_i:UxPd3  was  attributed  to  disorder  created  by  the 
chemical  substitution  of  yttrium  atoms  for  uranium  atoms  [93].  Another  such  alloy 
that  displays  NFL  behavior  at  low  temperatures  due  to  disorder  is  UCu5_xPda;. 
The  characteristics  of  the  UCus-^Pda;  system  will  be  discussed  and  the  motivation 
behind  the  study  of  the  isostructural  UCu5_iNii  system  will  be  clarified. 

A  second  part  of  this  dissertation  concerns  the  ferromagnetic  behavior  of  the 
ternary  UCu2Si2_xGei  compounds.  The  driving  force  behind  these  compounds 
is  disorder,  specifically  the  silicon/germanium  sublattice  disorder  introduced  by 
substituting  (or  doping)  germanium  atoms  onto  silicon  atom  sites  in  the  unit  cell 
(the  fundamental  "building  block"  of  any  crystal  structure).  Silva  Neto  and  Castro 
Neto  have  made  theoretical  predictions  that  this  sublattice  disorder  combined 
with  thermal  and  quantum  fluctuations  will  enhance  Curie  temperature  values  in 
quantum  ferromagnets  [137].  A  discussion  of  why  the  UCu2Si2-iGex  system  was 
chosen  to  test  the  theory  will  be  carried  out. 


1.1    NFL  Behavior  in  UCug-xNi^ 
1.1.1    UCus-.Pd. 

UCu5_3;Pdx  was  the  first  system  to  display  NFL  behavior  with  no  dilution  of 
the  /-atom  (i.e.,  the  uranium  atom)  site  [143].  UCus  is  an  antiferromagnet  with  a 
Neel  temperature,  T^v,  around  15  K  [104].  The  palladium  (Pd)  atoms  are  doped 
onto  the  copper  (Cu)  atom  sites  and  this  suppresses  the  antiferromagnetic  ordering 
temperature.  Andraka  and  Stewart  reported  that  doping  the  Cu  sites  with  Pd 
suppressed  the  antiferromagnetism  at  x  ?«  0.75  and  that  UCu4Pd  displayed  NFL 
behavior  with  a  power  law  divergence  in  the  specific  heat  (C/T  ~  T~°-^^  for  1- 
10  K)  and  a  linear  dependence  in  the  resistivity  (p  =  po  -  a  T  for  0.3  to  10  K,  with 
Po  =  375  //Q  cm  and  a  =  6.3  fiil  cm  K~^)  [4].  More  recent  measurements  down  to 
lower  temperatures  have  shown  that  UCu4Pd  orders  antiferromagnetically  below 
Tn  =  190  milliKelvin  (mK)  while  UCua.gPdi.i  shows  no  ordering  temperature 
down  to  the  lowest  measurable  temperature  [77] . 

UCus  crystallizes  in  the  AuBes  structure  with  the  beryllium  sublattice 
possessing  two  inequivalent  beryllium  sites.  A  schematic  drawing  of  the  AuBes 
crystal  structure  is  shown  in  Fig.  1-1  on  page  3  [27].  The  AuBes  structure  is  cubic 
with  twenty-four  atoms  occupying  a  unit  cell.  So,  for  UCus,  there  are  four  uranium 
(U)  atoms  and  twenty  Cu  atoms.  The  U  atoms  occupy  the  face-centered  cubic 
(fee)  sites  (denoted  4a).  The  Cu  atoms  are  divided  up  among  sixteen  smaller  sites 
(called  16e  sites)  and  four  larger  sites  (called  4c  sites).  When  the  Cu  atoms  are 
replaced  by  Pd  atoms  in  UCus-iPda  compounds  and  since  Pd  atoms  are  larger 
than  Cu  atoms,  one  might  expect  an  ordered  model  for  the  UCu4Pd  sample:  the 
U  atoms  would  occupy  the  4a  sites,  the  Pd  atoms  would  occupy  the  4c  sites,  and 
the  Cu  atoms  would  occupy  the  16e  sites.  Some  compounds  do  exhibit  this  ordered 
arrangement  in  the  AuBes  structure:  AgErCu4  [145]  and  ErMnNi4  [43].  Despite 
claims  by  Chau  et  at.  using  a  high-intensity  powder  diffractometer  that  UCu4Pd 


Figure  1-1:  The  conventional  unit  cell  for  the  cubic  AuBes  crystal  structure.  The 
4a  sites  axe  located  on  the  edges  of  the  cube  and  in  the  center  of  each  square  face. 
The  4c  and  16e  sites  are  crystallographically  inequivalent  sites  with  the  4c  site 
larger  than  the  16e  site.  The  drawing  is  taken  from  the  paper  by  Chau  et  al.  [27]. 


is  chemically  ordered  [27],  Pd/Cu  disorder  does  exist  on  the  4c  and  16e  sites  with 
experimental  evidence  coming  from  MacLaughlin  et  al.  using  magnetic  resonance 
measurements  [93],  Booth  et  al.  using  extended  x-ray- absorption  fine-structure 
(EXAFS)  [15],  and  Weber  et  al.  using  unannealed  and  annealed  UCu5_iPdx  lattice 
parameter  values  [160].  MacLaughlin  et  al.  found  that  muons  are  relaxed  rapidly 
in  UCu4Pd  and  this  rapid  relaxation  comes  from  a  large  disorder  effect.  Booth 
et  al.  revealed  that  for  the  unannealed  UCu4Pd,  24  ±  3%  of  the  Pd  occupies  the 
majority  sites  (the  16e  sites)  instead  of  all  the  Pd  occupying  the  minority  4c  sites. 
Then,  Weber  et  al.  found  that  annealing  UCu4Pd  decreased  the  lattice  parameters 
compared  to  unannealed  UCu4Pd.  These  results  from  the  lattice  parameters 
indicate  that  Pd  atoms  are  rearranged  from  the  16e  to  the  4c  sites.  However,  Booth 
et  al.  performed  EXAFS  measurements  on  annealed  UCu4Pd  samples  made  by 
Weber  et  al.  and  still  found  that  19%  of  the  Pd  is  located  on  the  16e  sites  [16]. 
Clearly,  UCu4Pd  shows  Cu/Pd  disorder  on  the  Cu  sublattices. 

The  disorder  in  UCus-j^Pdj  leads  to  unique  low  temperature  properties  in 
the  specific  heat,  especially  for  the  UCu4Pd  compound.  Andraka  and  Stewart 
proposed,  based  upon  their  results,  that  UCu4Pd  lies  near  the  suppression  of  a 
second  order  phase  transition,  Ta?  =  0  [4].  This  quantum  critical  point  (QCP)  (i.e., 
Tat  =  0)  was  thought  to  be  the  source  of  NFL  behavior  for  the  thermodynamic 
properties  at  finite  temperatures.  As  mentioned  earlier,  power  law  behavior  was 
found  between  1  and  10  K  while  the  lowest  temperature  C/T  data  fell  under  the 
power  law  curve  by  as  much  as  16%  at  0.34  K  [4].  Then  Scheldt  et  al.  extended 
the  specific  heat  measurements  down  to  lower  temperatures  and  found  that  for 
unannealed  UCu4Pd,  the  specific  heat  data  leveled  off  at  around  0.2  K  [130].  The 
specific  heat  of  unannealed  UCu4Pd  showed  logarithmic  temperature  dependence 
over  a  decade  of  temperature  (0.2  K  to  2  K)  in  agreement  with  the  work  of 
Vollmer  et  al.  [156].  However,  there  is  disagreement  concerning  the  behavior 


below  200  mK.  Scheldt  et  al.  measured  ac  susceptibility  as  a  function  of  frequency 
and  found  a  peak  at  ~  0.24  K  at  95.5  Hz  that  shifted  to  0.27  K  at  995  Hz.  This 
large  shift  in  the  ac  susceptibility  peak  with  frequency  was  strong  evidence  for 
superparamagnetism  associated  with  spin  clusters  [105].  This  magnetism  at  lowest 
temperatures  was  consistent  with  the  theoretical  efforts  of  Castro  Neto  et  al.  [20] 
in  which  the  formation  of  magnetic  clusters  (i.e.,  Griffiths  phase  behavior  [57]) 
in  highly  correlated  systems  is  caused  by  disorder  that  leads  to  competition 
between  the  Kondo  and  Ruderman-Klttel-Kasuya-Yosida  (RKKY)  Interaction. 
In  addition,  unpublished  results  by  Dr.  Jungsoo  Kim  that  measured  the  specific 
heat  of  UCu4Pd  in  various  magnetic  fields  showed  a  magnetic  field  induced  peak, 
a  feature  that  is  indicative  of  a  possible  Griffiths  phase  disorder  description.  On 
the  other  hand,  VoUmer  et  al.  concluded  that  below  0.2  K,  there  is  spin-glass 
freezing  of  the  U  magnetic  moments  in  UCu4Pd.  Different  interpretations  have 
continued  to  carry  on.  Korner  et  al.  then  stated  that  UCu4Pd  is  antlferromagnetic 
with  T;v  =  190  mK  and  simultaneously  shows  evidence  of  spin  glass  behavior 
below  Tat  from  specific  heat  and  ac  susceptibility  measurements  [77].  Then 
Weber  et  al.  performed  experiments  on  annealed  samples  of  UCu4Pd  [160].  Not 
only  did  they  perform  lattice  parameter  measurements  as  stated  earlier,  but 
also  specific  heat  data  at  low  temperatures  were  taken.  Annealing  the  UCu4Pd 
sample  for  14  days  at  750  °C  suppressed  the  antlferromagnetic  transition  with 
no  hint  of  the  transition  down  to  the  lowest  measured  temperature  of  80  mK. 
Also,  the  logarithmic  temperature  dependence  of  the  specific  heat  now  covered 
more  than  two  decades  of  temperature  starting  from  80  mK.  This  expansion  of 
the  logarithmic  temperature  dependence  suggested  that  crystallographic  order 
could  be  an  alternative  tuning  parameter  for  NFL  behavior  besides  pressure  [14], 
doping  [5],  or  magnetic  field  [61].  This  logarithmic  temperature  dependence  also 
suggests  that  the  Kondo  disorder  model  (consisting  of  a  broad  distribution  P(Tk) 


of  Kondo  temperatures,  Tk,  which  extends  down  to  very  low  temperatures  [11, 
99])  could  be  a  plausible  explanation  for  the  NFL  behavior  in  UCu4Pd  [11]. 
Another  interpretation  based  upon  C/T  «  log  T  concerns  ordered  systems  near  a 
QCP  [143].  Unfortunately,  these  major  theories  (Griffiths  phase,  ordered  systems, 
Kondo  disorder  model  are  discussed  in  greater  detail  in  the  "Theory"  chapter) 
based  upon  the  specific  heat  data  have  gaps  in  their  interpretation.  For  example, 
the  specific  heat  data  in  annealed  UCu4Pd  are  not  consistent  with  the  theoretically 
predicted  power-law  behavior,  C/T  ex  T-i+^,  for  the  Griffiths  phase  model  [160] 
while  ordered  systems  (e.g.,  UBeis)  near  a  QCP  do  not  show  a  magnetic  field 
induced  peak  in  C/T  [143].  The  Kondo  disorder  model  is  not  a  valid  interpretation 
based  upon  resistivity  data  discussed  below. 

The  dc  electrical  resistivity  for  UCus-iPdi  has  been  measured  by  several 
groups.  The  first  electrical  resistivity  measurements  for  UCu4Pd  were  reported 
by  Andraka  and  Stewart  [4].  For  temperatures  lower  than  10  K,  the  UCu4Pd 
resistivity  was  approximately  linear  inT:  p^  po  (1  -  T/Tq)  where  po  ^  375  pQ  cm 
and  To  =  60  K.  This  linear  temperature  dependence  of  p  gave  experimental 
evidence  for  a  non-Fermi-liquid  ground  state.  Chau  and  Maple  then  measured 
the  electrical  resistivity  for  unannealed  UCu5_iPdx  with  concentrations  ranging 
from  x  =  0tox  =  1.5  [26].  They  found  that  p(T)  increases  monotonically  with 
decreasing  T  and  does  not  display  a  peak  or  downturn  at  low  temperatures. 
Experimental  evidence  also  proved  that  the  resistivity  of  the  Pd-substituted 
samples  increases  with  increasing  Pd  concentration.  Specifically,  Chau  and  Maple 
fit  the  electrical  resistivity  data  for  UCu4Pd  to  p  ^  po  (1  -  T/Tq)  below  10  K  and 
found  Po  =  258  pQ  cm  and  To  =  63  K,  numbers  that  are  comparable  to  Andraka 
and  Stewart's  results.  This  linear  dependence  in  the  resistivity  suggested  that 
the  NFL  behavior  in  UCu4Pd  may  be  explained  by  a  Kondo  disorder  model.  The 
results  of  Weber  et  al.  seem  to  suggest  otherwise  [160].  First,  annealing  UCu4Pd 


samples  drops  the  residual  resistivity,  po,  by  a  factor  of  about  2.5.  Then,  the 
linear  temperature  dependence  that  was  reported  previously  for  the  unannealed 
samples  disappears  with  annealing.  The  resistivity  of  the  annealed  samples  has  a 
Kondo-like  minimum  around  35  K.  However,  the  resistivity  of  the  14-day  UCu4Pd 
annealed  sample  for  2  K  <  T  <  8  K  may  be  described  by  a  Fermi-liquid  expansion 
p  -  Pr  =  AT2  +  BT^  where  p^  =  141.5  fiQ  cm,  A  =  -0.024  /iO  cm  K'^,  and  B  =  - 
0.00013  nQ  cm  K""*  [160].  Weber  et  al.  note  that  the  sign  of  A  in  the  expansion 
above  is  unusual  for  /  moments  forming  a  Kondo  lattice.  Thus,  Weber  et  al. 
conclude  that  the  Kondo  disorder  model  is  not  applicable  for  annealed  UCu4Pd  and 
suggest  it  is  not  the  origin  for  NFL  behavior  in  unannealed  UCu4Pd  either. 

The  third  major  measurement  performed  on  UCus-^Pda;  samples  concerns 
dc  magnetic  susceptibility  measurements.  Andraka  and  Stewart  reported  that  dc 
magnetic  susceptibility  of  UCu4Pd  could  be  approximated  by  T"'^  at  low  fields 
(100  G)  from  10  K  down  to  1.8  K  [4].  This  x  temperature  dependence  is  consistent, 
although  coincidental  with  an  overcompensated  four-channel  magnetic  Kondo 
model  [129].  It  will  be  noted  here  (although  not  important  to  one  of  the  two 
subjects  of  this  dissertation)  that  a  spin  glass  freezing  temperature  of  2  K  was 
measured  for  the  UCuaPdg  composition  [4].  Chau  and  Maple  then  measured  the  dc 
magnetic  susceptibility  for  UCus-^^Pdx  and  were  able  to  fit  the  low  temperature  x 
data  for  UCu4Pd  to  x{T)  =  Xoln(T/To)  for  2  K  <  T  <  10  K  [26].  Plus,  Chau  and 
Maple  state  that  above  x  =  1.5,  the  UCu5_xPdj;  system  exhibits  spin-glass  freezing. 
They  also  mention  that  for  the  low  temperature  x  data,  it  is  difficult  to  distinguish 
between  a  logarithmic  and  a  weak-power-law  temperature  dependence  [26].  Vollmer 
et  al.  then  measured  the  magnetic  susceptibility  down  to  0.08  K  for  UCu4Pd  [156]. 
The  low  temperature  x  data  according  to  Vollmer  et  al.  suggest  a  spin-glass 
transition  around  0.2  K  due  to  the  splitting  between  zero-field  cooled  magnetization 
and  field-cooled  magnetization.  Korner  et  al.  confirmed  the  evidence  of  spin 
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glass  behavior  below  the  antiferromagnetic  transition  temperature  for  unannealed 
UCu4Pd  by  dc-susceptibility  measurements  [77]. 

All  of  these  interesting  results  from  the  specific  heat,  resistivity,  ac  susceptibil- 
ity, and  dc  susceptibility  prove  no  current  theoretical  model  is  able  to  explain  all 
the  current  elements  of  the  experimental  data  [16].  New  theories  are  being  devel- 
oped to  try  to  explain  all  the  different  data  such  as  a  Kondo/quantum  spin-glass 
critical  point  [56].  These  results  have  also  led  researchers  to  further  explore  the  role 
of  disorder  in  the  UCus-^Pda;  system,  especially  for  UCu4Pd. 

Expanding  upon  their  research  on  unannealed  UCu4Pd  [15],  Booth  et  al.  made 
EXAFS  measurements  on  UCu4Pd  as  a  function  of  annealing  time  [16].  Their 
results  show  that  the  main  effect  of  annealing  is  to  decrease  the  fraction  of  Pd 
atoms  on  the  nominally  Cu  16e  sites,  confirming  the  conclusions  reached  by  Weber 
et  al.  concerning  annealing  upon  UCu4Pd  [160].  Booth  et  al.  also  conclude  that 
disorder  must  be  included  in  any  complete  microscopic  theory  of  NFL  properties  in 
the  UCu5_iPdx  system. 

MacLaughlin  et  al.  performed  magnetic  resonance  measurements  upon  the 
UCu5_a;Pdx  system  and  also  concluded  that  structural  disorder  is  a  major  factor 
in  NFL  behavior.  The  longitudinal-field  muon  spin  rotation  (//SR)  relaxation 
measurements  on  UCus-^Pda;  at  low  fields  reveal  a  wide  distribution  of  muon 
relaxation  rates  and  divergences  in  the  frequency  dependence  of  spin  correlation 
functions  [93].  Interestingly,  the  divergences  seem  to  be  due  to  slow  dynamics 
associated  with  quantum  spin-glass  behavior,  rather  than  quantum  criticality 
as  in  a  uniform  system  (such  as  CeNiaGeg  [68,  140],  YbRhaSia  [151],  and  doped 
alloys  that  include  CeCus.gAuo.i  [158,  157,  3]  and  Ce(Rui_xRhx)2Si2  where 
X  «i  0.5  [164,  165])  because  of  the  observed  strong  inhomogeneity  in  the  muon 
relaxation  rate,  and  the  strong  and  frequency-dependent  low-frequency  fluctuation. 
In  conclusion,  the  disorder  in  the  UCu5_a;Pdx  system,  especially  in  UCu4Pd,  has  led 
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to  considerable  interest  from  researchers  and  a  search  to  look  for  compounds  in  the 
AuBes  cubic  structure  that  possesses  sublattice  disorder. 

When  searching  for  compounds  that  crystallize  in  the  AuBcs  structure  and 
that  display  possibly  the  same  behavior  as  UCu5_iPdx,  two  factors  should  be 
taken  into  consideration.  The  first  factor  concerns  the  substitution  of  transition 
metals  for  Cu  using  UCus  as  the  starting  point.  For  example,  the  substitution 
of  Au  for  Cu  (i.e.,  UCu5_a;Aui)  leads  to  an  initial  increase  in  Tjv  up  to  x  =  2, 
but  Tat  decreases  above  x  =  2  [150]  while  the  substitution  of  Ag  for  Cu  does  not 
show  the  same  rapid  suppression  of  magnetic  ordering  as  VCuz^^Pd^  does  [117]. 
Also,  the  substitution  of  Ag  or  Au  for  Cu  did  not  result  in  any  NFL  behavior. 
Chau  and  Maple  point  out  that  the  Au  and  Ag  atoms  have  a  completely  filled 
d-electron  shell  and  the  same  valence  as  Cu  [26].  There  could  be  a  correlation 
between  substituting  atoms  with  the  same  valence  and  lack  of  NFL  behavior  since 
Pd  atoms  have  a  partially  filled  d  shell  and  a  different  valence.  Since  the  complete 
subshell  configuration  atoms  with  d^''  show  no  NFL  behavior,  this  might  possibly 
extend  to  the  half  filled  subshell  configuration  atoms  with  d^  due  to  their  stability 
(or  lower  total  energy).  The  second  factor  concerns  how  much  of  a  dopant  atom 
may  be  substituted  in  the  UCus  cubic  cell.  For  example,  when  x  approaches  2.4  for 
the  UCus-xPdj;  system,  a  mixture  of  cubic  and  hexagonal  phases  appears  and  may 
run  until  x  =  5  [26].  The  supposition  concerning  the  secondary  hexagonal  phase 
may  be  related  to  studies  that  showed  the  hexagonal  CaCus  type  structure  may 
exist  with  atomic  radii  ratios  (Ca  site/Cu  site)  ranging  from  1.29  to  1.61  and  that 
below  this  range,  cubic  AuBes-type  compounds  are  formed  [42,  19].  A  possibility  is 
that  the  hybridization  between  the  Pd  and  Cu  atoms  reduces  the  apparent  radii  of 
those  atoms  and  thus  the  atomic  radii  ratio  of  some  U/Cu-Pd  atoms  (maybe  the 
ratio  between  nearest  atoms)  now  lies  above  1.29  while  other  ratios  are  below  1.29. 
Thus,  the  mixture  of  cubic  and  hexagonal  crystal  phases. 
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It  has  been  known  that  uranium  forms  the  cubic  AuBes  structure  only 
with  Ni,  Cu,  and  Pt  atoms  [150].  The  UCus  has  been  well  chronicled  with  its 
antiferromagnetic  ordering  around  15  K  [101,  104].  In  addition,  UCus  undergoes 
another  phase  transition  around  1  K  (in  the  electrical  resistivity  and  magnetic 
measurements)  and  this  was  the  first  example  of  such  a  distinct  enhancement 
effect  that  occurs  in  a  magnetically  ordered  material  [117,  115].  Then,  Chau  and 
Maple  doped  UCus  with  Pt  and  found  a  region  in  the  phase  diagram  where  the  low 
temperature  physical  properties  exhibit  NFL  behavior  [26].  This  then  leaves  UCus 
to  be  doped  with  Ni  since  Ni  has  the  same  valence  as  Pd  and  Pt  and  the  d-electron 
shell  is  not  full  or  half-full.  The  main  difference  between  the  dopant  atoms  nickel 
and  palladium  is  that  the  replacement  Ni  atoms  are  smaller  than  the  Cu  atoms 
as  opposed  to  the  larger  Pd  atoms  replacing  Cu  atoms.  Sublattice  order  for  x  ~  1 
should  not  occur  in  UCu5_xNix  as  happened  in  UCus-^Pd^.  Thus,  the  answer  to 
the  question  of  any  NFL  behavior  in  UCu5_a;Nii  as  Tat  -^  0  being  due  to  disorder 
or  quantum  critical  behavior  should  be  better  differentiable. 
1.1.2    UCu5-xNi^ 

The  first  part  of  this  section  will  review  in  chronological  order  previous  works 
performed  on  the  UCus-a^Ni^  system.  The  surname  of  the  first  author  and  the 
publication  year  will  serve  as  the  title  for  each  work's  review.  One  will  see  that  the 
majority  of  the  literature  has  mainly  centered  around  UCu4Ni,  possibly  in  hopes  of 
searching  for  interesting  behavior  as  found  in  UCu4Pd. 
1.1.2.1    van  Daal  1975 

The  first  work  performed  on  the  UCus-jNii  system  was  done  by  van  Daal 
et  al.  who  measured  lattice  constants  for  0  <  x  <  5  along  with  the  susceptibility, 
specific  heat,  electrical  resistivity,  and  absolute  Seebeck  coefficients  as  a  function 
of  temperature  [153].  The  susceptibility  reveals  that  UNig  has  a  U^+  (tetravalent) 
state  while  on  the  Cu-rich  end  of  the  system  (especially  for  0  <  x  <  1),  the 
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uranium  ions  axe  mixed  tetravalent  and  trivalent  (U^"*").  van  Daal  et  al.  suggest 
that  this  mixed  valency  is  possibly  the  source  of  the  anomalies  observed  in  the 
Cu-rich  compounds  (0  <  x  <  1):  an  extra  increase  of  the  lattice  constants,  an 
extremely  high  electronic  specific  heat,  a  resistivity  varying  in  the  paramagnetic 
range  in  proportion  to  logioT  at  high  temperatures  and  to  1  -  (T/T*)^  at  low 
temperatures  and  being  extremely  sensitive  to  deviations  from  stoichiometry,  and  a 
Seebeck  coefficient  showing  large  negative  peaks  at  low  temperature  [153]. 

1.1.2.2  Chakravarthy  1991 

Chakravarthy  et  al.  performed  neutron  diffraction  measurements  on  Cu-rich 
compounds,  in  particular,  x  =  0.0,  0.2,  and  0.5  [22].  The  conclusions  made  are 
that  UCus  is  an  itinerant  magnet  involving  a  strong  hybridization  of  5f  electrons 
with  the  conduction  electrons.  For  UCu4.8Nio.2,  the  suppression  of  long-range 
magnetic  order  (LRO)  by  small  substitution  of  Cu  by  Ni  indicates  the  enhancement 
of  the  interaction  of  5f  electrons  with  the  conduction  electrons  [22].  However,  Tjv 
is  not  significantly  affected  (12  K  for  x  =  0.2).  Thus,  the  band  structure  may 
be  responsible  for  the  LRO  [159].  The  third  composition,  UCu4.5Nio.5,  did  not 
show  LRO  down  to  1.5  K  and  the  authors  suggested  that  the  suppression  of  the 
ordered  magnetic  moment  of  the  U  ion  causes  the  LRO  to  disappear  in  the  x  =  0.5 
system  [22]. 

1.1.2.3  Lopez  de  la  Torre  1998 

Lopez  de  la  Torre  et  al.  made  electrical  resistivity  and  magnetic  susceptibility 
measurements  down  to  0.4  K  for  UCu4.5Nio.5  and  UCu4Ni  samples  [89].  For 
UCu4.5Nio.5,  the  magnetic  susceptibiUty  displays  an  irreversibility  below  a  broad 
maximum  for  a  zero-field  cooled  (ZFC)  and  field-cooled  (FC)  regime  and  the 
maximum  is  the  "freezing  temperature"  for  a  spin  glass  at  about  6  K.  For  UCu4Ni, 
the  magnetic  susceptibility  shows  no  spin  glass  or  magnetic  order  feature  down  to 
0.4  K.  No  saturation  in  the  magnetic  susceptibility  is  apparent  at  low  temperatures 
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and  an  asymptotic  T^/^  dependence  describes  quite  accurately  the  magnetic 
susceptibility  from  0.4  K  to  2.5  K  [89].  The  electrical  resistivity  measurements  for 
UCu4Ni  showed  that  all  samples  had  linear  temperature  dependence  from  0.4  K  to 
~  30-40  K.  Also,  annealing  did  not  change  the  low  temperature  electrical  resistivity 
properties  significantly;  however,  the  electrical  resistivity  values  did  show  a  large 
sample  dependence.  The  authors  raise  the  question  of  whether  or  not  this  NFL 
behavior  is  attributable  to  a  two-channel  Kondo  effect  [136],  a  quantum  phase 
transition  at  T  =  0  [5,  158],  or  disorder  (specifically  Kondo  disorder)  [39]. 
1.1.2.4     Lopez  de  la  Torre  2000 

Lopez  de  la  Torre  et  al.  try  to  address  the  previous  question  by  applying 
the  Kondo  disorder  model  to  the  magnetic,  electrical,  and  thermal  properties  of 
UCu4Ni  [90].  The  claim  is  that  the  existence  of  two  nonequivalent  copper  sites  in 
the  AuBes  cubic  structure  is  the  origin  of  the  crystallographic  disorder  resulting 
in  a  distribution  of  Kondo  temperatures  [11,  15].  The  phenomenological  Kondo 
disorder  model  given  by  Bernal  et  al.  [11]  was  used  to  describe  the  magnetic 
susceptibility  data  in  a  1  T  field  and  the  fit  described  the  data  over  two  decades  of 
temperature.  Lopez  de  la  Torre  et  al.  and  van  Daal  et  al.  both  agree  that  UCu4Ni 
is  in  a  mixed  valence  state  between  U^+  (J  =  3/2  where  J  is  the  effective  angular 
momentum)  and  U*+  (J  =  1).  The  electronic  specific  heat  measurements  for  the 
UCu4Ni  sample  show  typical  NFL  -  logio  T  dependence  from  0.9  K  to  9  K  [90]. 
A  comparison  between  the  experimental  specific  heat  results  and  a  calculation 
made  using  a  distribution  of  Kondo  temperatures  (similar  to  Graf  et  al.  [55]) 
and  applying  the  resonant-level  model  for  the  specific  heat  of  a  single  Kondo 
impurity  [135]  show  pretty  good  agreement  from  about  1  K  to  10  K  [90].  Lopez  de 
la  Torre  et  al.  observed  an  upturn  in  the  specific  heat  around  0.9  K  and  they  think 
the  origin  may  be  some  form  of  spin-glass-like  freezing  at  temperatures  below  their 
experimental  limit  (0.4  K).  The  upturn  in  the  specific  heat  may  also  be  related  to 
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the  inflection  in  the  magnetic  susceptibihty  around  1  K  [90].  The  conclusion  by 
Lopez  de  la  Torre  et  al.  is  that  the  Kondo  disorder  model  could  play  a  significant 
role  in  the  NFL  behavior  reported  in  UCu4Ni. 

1.1.2.5  Lopez  de  la  Torre  2003 

Lopez  de  la  Torre  et  al.  made  electrical  resistivity  measurements  of  UCu4.75Nio.25 
and  UCu4Ni  over  a  wide  temperature  range  (0.4  -  800  K)  [88].  In  summary,  the 
high-temperature  electrical  properties  of  UCu4Ni  and  UCu4.75Nio.25  were  explained 
in  terms  of  single-impurity  Kondo  behavior.  The  interesting  part  of  this  paper 
concerns  the  high  values  of  the  electrical  resistivities  (p(0)  ~  440  ^iU  cm  and  p  is 
usually  well  above  100  /iO  cm  over  the  entire  experimental  temperature  range). 
The  rather  poor  electrical  conductivity  would  indicate  that  the  electronic  mean 
free  path  is  close  to  the  interatomic  distance  and  kp  i  is  of  the  order  unity  where 
i  is  the  mean  free  path.  This  class  of  strongly  correlated  electron  systems  that 
approaches  the  loffe-Regel  limit  for  the  metallic  state  includes  high-Tc  supercon- 
ductors, fuUerenes,  and  ferromagnetic  perovskites  (e.g.,  SrRuOa),  which  all  have 
properties  suggesting  some  sort  of  NFL  behavior  [154].  In  the  results  part  of  this 
dissertation,  these  reported  high  electrical  resistivity  values  will  be  revisited. 

1.1.2.6  Present  Work 

One  reason  for  studying  the  UCus-^Nij;  system  concerns  the  fact  that  the 
Kondo  disorder  model  may  not  be  the  best  explanation  for  the  NFL  behavior 
present  in  the  experimental  data.  For  example,  a  quantum  critical  point  (QCP) 
may  also  be  a  possibility  since  the  antiferromagnetic  temperature  (a  second 
order  phase  transition)  is  suppressed  to  zero  and  the  QCP  has  a  large  influence 
on  the  measured  properties  at  finite  temperatures  [143].  However,  some  recent 
research  on  the  isostructural  UCus-^Pda;  system  has  suggested  that  theories  that 
limit  the  cause  of  NFL  behavior  to  just  one  phenomena  such  as  disorder  or  a 
quantum  critical  point  may  not  be  the  best  explanation.  In  fact,  theories  that 
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combine  quantum  critical  points  with  disorder  may  explain  all  the  different  data 
of  systems  such  as  UCug-xPdx  and  UCug-^Ni;,  [16].  One  such  model  in  which 
the  magnetic  ordering  temperature,  T^oer,  has  been  suppressed  via  doping  based 
on  the  effects  of  the  accompanying  disorder  is  the  Griffiths  phase  disorder  model. 
In  the  Griffiths  phase  model,  disorder  leads  to  tunnehng  between  closely  spaced 
energy  levels  in  rare  strongly  coupled  magnetic  clusters  [21].  The  Griffiths  phase 
model  depends  on  the  strong  magnetic  fluctuations  produced  "near"  a  QCP.  The 
Griflfiths  phase  model  predicts  that  x  and  C/T  follow  a  power  law  temperature 
dependence,  T-^+^  [20].  One  of  the  unique  features  of  the  Grifliths  phase  model  is 
that  once  a  crossover  magnetic  field  is  determined  (from  magnetization  versus  field 
measurements),  a  magnetic  field  around  the  crossover  field  induces  a  peak  in  C/T 
at  low  temperatures  (C/T  «  (H2+V2/T3-A/2)gxp(-/ie//H/kBT))  and  the  induced 
peak  broadens  and  moves  to  higher  temperatures  for  higher  fields.  Two  systems  in 
which  the  NFL  behavior  may  be  explained  by  the  Griffiths  phase  model  and  that 
demonstrate  field  induced  peaks  are  Cei_^ThjRhSb  [74]  and  Cei-^La^^Rhlns  [73]. 

The  field  induced  peak  is  unique  to  the  Griffiths  phase  model.  This  should  not 
be  confused  with  the  peaks  in  magnetic  fields  for  the  multichannel  Kondo  prob- 
lem [132].  There  are  distinct  differences.  First,  the  Griflaths  phase  model  predicts 
that  for  zero  magnetic  field,  the  specific  heat  (C)  follows  T-^  behavior  as  mentioned 
earlier.  In  contrast,  the  specific  heat  for  a  Kondo  system  like  CrCu  [149]  shows 
a  peak  in  zero  magnetic  field.  The  peak  in  the  specific  heat  for  a  Kondo  system 
shifts  towards  higher  temperatures  and  the  height  of  the  peak  also  grows  as  the 
magnetic  field  is  increased.  The  Griffiths  phase  explanation  differs  since,  although 
the  field  induced  peak  moves  up  in  temperature,  it  broadens  and  decreases  in  size 
with  increasing  field. 
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For  the  present  work,  eight  different  UCu5_a;Nia;  compounds  were  produced 
with  X  ranging  from  0.6  to  1.2.  The  reason  for  such  a  large  variation  in  the  concen- 
trations is  to  explore  whether  or  not  clear  distinctions  may  be  made  concerning  the 
cause  of  NFL  behavior  at  different  concentrations.  In  fact,  small  variant  concentra- 
tions (i.e.,  X  =  1.05,  1.1,  and  1.2)  have  been  made  near  UCu4Ni,  the  concentration 
where  Tjv  is  approximately  zero.  A  possible  crossover  concentration  level  might  be 
found  where  one  concentration's  NFL  behavior  may  be  explained  by  a  QCP  while 
increasing  the  Ni  concentration  by  5%  could  cause  the  NFL  behavior  to  be  due  to 
another  model,  like  a  disorder  model.  Also,  the  Griffiths  phase  model  is  predicated 
upon  strong  magnetic  fluctuations  "near"  a  QCP;  it  would  be  interesting  to  see 
if  "near"  could  be  quantified  in  terms  of  the  Ni  concentrations.  The  only  system 
investigated  by  small  variations  of  doping  around  the  QCP  was  UCus-^Pdj,  where 
the  quantum  critical  concentration  was  x  w  1  as  discussed  earlier.  The  problem 
with  UCu5_j.Pdx  was  the  preferential  sublattice  ordering  of  the  larger  Pd  atoms 
on  the  minority  4c  site  (in  the  AuBcs  structure)  occurring  in  UCu4Pd  as  discussed 
previously  [16].  In  fact,  MacLaughlin  et  al.  concluded  that  there  were  still  signs 
of  disorder  on  annealed  UCu4Pd  [93].  The  UCus.j^Ni^  system  should  not  have 
to  contend  with  a  preferential  sublattice  ordering  since  the  Ni  atoms  are  smaller 
than  the  Cu  atoms.  Thus,  the  smaller  Ni  atoms  will  be  distributed  at  slightly  less 
than  the  25%  level  on  the  majority  16e  sites  (i.e.,  the  physically  smaller  Be  site 
in  the  AuBes  structure)  for  UCu4Ni,  with  some  small  fraction  in  the  energetically 
more  unfavorable  larger  4c  sites.  This  conclusion  will  be  discussed  when  the  lattice 
parameter  values  are  presented  in  the  "UCu5_:j;Nij  Results  and  Discussion"  chap- 
ter. Thus,  all  concentrations  around  UCu4Ni  should  have  a  significant  amount  of 
disorder  present. 
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In  addition  to  the  lattice  parameters  for  all  eight  concentrations  being  re- 
ported, direct  current  (dc)  resistivity,  magnetization  as  a  function  of  field,  al- 
ternating current  (ac)  susceptibility  down  to  2  K,  direct  current  (dc)  magnetic 
susceptibility  down  to  2  K,  and  heat  capacity  in  zero  field  along  with  heat  ca- 
pacity in  magnetic  fields  for  concentrations  around  the  QCP  composition  will  be 
reported  in  the  "UCus-iNi^  Results  and  Discussion"  chapter.  To  date,  a  complete 
and  thorough  characterization  of  the  UCu5_xNi^  system  around  the  QCP  has 
not  been  reported  in  the  literature.  The  measurements  reported  here  will  try  to 
answer  if  clear  distinctions  can  be  made  about  the  sources  of  NFL  behavior  (i.e., 
quantum  criticahty  and  disorder)  at  various  Ni  concentrations  around  the  QCP 
(i.e.,  UCu4Ni).  Also,  the  measurements  will  try  to  clarify  the  role  of  Griffiths  phase 
model  for  NFL  behavior  in  the  UCus.ajNi^^  system.  An  attempt  to  determine  the 
concentration  range  for  which  the  Griffiths  phase  model  applies  will  be  made. 
L2    Curie  Temperature  Enhancement  in  UCu2Si2-xGe-c 
A  Curie  temperature,  Tc,  enhancement  as  a  function  of  disorder  was  pre- 
dicted by  Silva  Neto  and  Castro  Neto  [137].  The  fundamental  idea  behind  this 
enhancement  effect  concerns  electrons  scattering  from  the  localized  moments  and 
acting  as  a  heat  bath  for  the  spin  dynamics.  Then,  the  dissipation  that  arises  from 
the  electronic  diffusion  in  the  case  of  structurally  disordered  ferromagnets  is  what 
affects  the  Curie  temperature. 

The  study  of  ferromagnetism  in  disordered  alloys  has  received  renewed 
interest  in  recent  years  due  to  the  development  of  Gai-jMn^As  [114,  110,  112] 
and  Ini_xMnxAs  [113]  as  ferromagnetic  semiconductors  (with  x  ^  1-10%).  In  fact, 
there  are  now  reports  of  ferromagnetism  (some  at  room  temperatures  and  above)  in 
several  magnetically  doped  semiconductors  [36],  e.g.,  GaMnP  [146],  GaMnN  [125], 
GeMn  [118],  GaMnSb  [29].  However,  the  observed  ferromagnetism  in  dilute 
magnetic  semiconductor  (DMS)  systems  like  GaMnAs  is  not  just  associated  with 
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disorder  created  by  the  random  positions  of  the  magnetic  dopants,  but  also  the 
thermal  fluctuations  of  magnetic  moments  along  with  impurity  band  and  discrete 
lattice  effects  playing  an  integral  part  if  the  magnetic  coupling  can  be  assumed  to 
be  a  simple  local  exchange  coupling  between  local  impurity  moments  and  carrier 
spins  [36].  Thus,  trying  to  isolate  the  effects  of  disorder  on  the  ferromagnetism  in  a 
DMS  to  test  the  proposed  theory  by  Silva  Neto  and  Castro  Neto  is  impossible  due 
to  the  aforementioned  complexities  in  a  DMS. 

The  choice  of  a  ferromagnetic  material  to  test  the  theory  of  Silva  Neto  and 
Castro  Neto  depends  upon  being  able  to  test  the  effect  of  structural  disorder  on  the 
ferromagnetic  properties  without  introducing  sundry  complications  [138].  De  Long 
et  al.  investigated  over  100  metallic  Ce  and  U  compounds  to  look  for  trends  in  the 
occurrence  of  ferromagnetism  and  to  consider  parameters  such  as  the  closest  f-atom 
separation  (notated  by  d)  [37].  For  example,  Hill  observed  that  f-state  magnetic 
order  did  not  occur  for  d  <  djy,  where  d^  =  3.4  or  3.5  A,  the  respective  "Hill 
limits"  for  f-state  localization  in  Ce-  and  U-based  materials  [65].  Thus,  when  trying 
to  induce  structural  disorder  upon  the  selected  compound,  it  is  important  not  to 
inadvertently  change  the  f-atom  separation  because  it  would  be  very  difficult  then 
to  distinguish  the  change  in  Tc  between  structural  disorder  and  f  atom  separation. 
De  Long  et  al.  also  mention  that  hybridization  of  f-levels  with  non-f  conduction 
states  has  an  effect  upon  the  ferromagnetism  [37].  This  pretty  much  rules  out  any 
binary  ferromagnetic  compounds  since  doping  on  one  of  the  two  atoms  not  only 
would  create  structural  disorder,  but  also  the  doping  would  affect  the  hybridization. 

The  two  ferromagnets,  UCu2Si2  and  UCu2Ge2,  meet  the  conditions  outlined 
above.  UCu2Si2  is  a  ferromagnet  at  103  K  (with  an  antiferromagnetic  transition 
right  above  at  107  K)  [37]  while  UCu2Ge2  is  a  ferromagnet  at  107  K  (with  a 
controversial  antiferromagnetic  transition  at  around  43  K  [78,  47])  [37].  UCu2Ge2 
and  UCu2Si2  are  isostructural,  crystallizing  in  the  ThCr2Si2  structure  [28].  The 
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ThCr2Si2  structure  is  shown  in  Fig.  1-2  on  page  18.  In  Fig.  1-2,  one  can  see 


Figure  1-2:  The  unit  cell  for  the  tetragonal  ThCr2Si2  crystal  structure.  The  c-axis 
is  up  in  this  diagram,  running  parallel  to  the  longest  dimension  of  the  unit  cell. 
The  ThCr2Si2  is  layered  with  Th-Si-Crg-Si-Th  planes  stacked  along  the  c  axis.  This 
diagram  was  taken  from  the  paper  by  Welter  et  al.  [161]. 


that  for  the  UCu2(Si,  Ge)2  compounds,  the  U  atoms  replace  the  Th  atoms,  the 
Cu  atoms  (the  transition  metal,  T)  replace  the  Cr  atoms,  and  the  Ge  atoms 
replace  the  Si  atoms  for  UCu2Ge2.  The  shading  in  Fig.  1-2  also  highlights  the 
tetraderal  coordination  of  the  Si  (or  Ge)  around  the  T  ion  with  small  T-Si  (Ge) 
distances:  2.40  A  for  UCu2Si2  and  2.42  A  for  UCuaGea  [28].  The  smallest  distance 
between  two  neighboring  U  atoms  is  well  above  the  Hill  limit  for  a  U-compound 
(3.5  A):  3.98  A  for  UCu2Si2  and  4.05  A  for  UCu2Ge2  [37].  It  was  decided  that  the 
structural  disorder  could  be  intentionally  created  by  doping  Ge  onto  the  Si  site  in 
UCu2Si2  and  that  9  compounds  with  differing  Ge  concentration  levels  (x  =  0,  0.2, 
0.4,  0.6,  1,  1.4,  1.6,  1.8,  and  2)  would  be  arc-melted  to  investigate  whether  or  not 
nonmonotonic  behavior  exists  for  To  as  predicted  by  Silva  Neto  and  Castro  Neto. 
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The  replacement  of  Si  atoms  with  Ge  atoms  should  not  affect  the  magnetic 
sublattice  in  the  UCu2Si2-iGea;  compounds.  The  structural  disorder  will  occur  on 
the  p  orbitals  deep  within  the  isovalent  Si  and  Ge  atoms.  The  structural  disorder 
will  affect  the  conduction  band  due  to  the  complex  p-d  hybridization  between  the 
T  ion  and  Si/Ge  as  seen  in  Fig.  1-2.  Thus,  the  strong  hybridization  between  the 
T  ions  and  the  U  ions  should  not  be  directly  affected  by  this  intentional  structural 
disorder.  This  is  in  agreement  with  the  neutron  diffraction  and  magnetization 
measurements  of  Chelmicki  et  al.  that  gave  no  magnetic  moment  on  a  copper 
ion  [28].  In  fact,  the  explanation  by  Chelmicki  et  al.  for  why  the  T  ion  does 
not  carry  a  magnetic  moment  originates  from  the  coordination  of  a  T  ion  by 
silicon/germanium  atoms.  Four  silicon  atoms  are  located  at  the  corners  of  a 
flattened  tetrahedron  around  each  T  ion  as  shown  in  the  shaded  part  of  Fig.  1-2 
on  page  18.  The  short  T-Si/Ge  distances  amount  to  less  than  the  sum  of  atomic 
radii  of  T  and  Si/Ge  [28].  Thus,  the  overlap  (or  hybridization)  of  electronic  shells 
and  electron  density  transfer  from  the  3p  shell  of  the  silicon/germanium  to  the  3d 
shell  of  the  Cu  ion  in  UCu2Si2_xGex  compounds  is  what  probably  vanquishes  the 
magnetic  moment  on  the  Cu  ion.  Mossbauer  studies  on  isostructural  NpFe2Si2  [109] 
and  REFe2Si2  (where  RE  is  a  rare  earth  element)  intermetallics  [51,  108]  show  that 
the  T  ion  does  not  carry  a  magnetic  moment.  The  information  by  Chelmicki  et 
al.  justifies  that  the  Si/Ge  exchange  creating  sublattice  disorder  will  not  affect  the 
long-range  magnetic  ordering  of  uranium  moments  in  UCu2Si2-xGex. 

The  effective  magnetic  moments  and  the  isotropic  RKKY  mechanism  de- 
termined by  Chelmicki  et  al.  were  used  by  Dr.s  Silva  Neto  and  Castro  Neto  to 
calculate  the  nonmonotonic  dependence  of  Tc  [137].  The  effective  magnetic  mo- 
ment, ^e//.,  for  UCu2Si2  was  determined  to  be  3.58  Bohr  magnetons  (^b)  from  the 
inverse  susceptibility  versus  temperature  curve  using  the  Curie-Weiss  law  [28].  The 
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3.58/iB  value  is  the  exact  value  calculated  for  a  free  ion  configuration  of  U^"^  as- 
suming ^H4  as  a  ground  state.  The  /Ug//.  value  for  the  U  ion  in  UCu2Ge2  is  2.40/iB- 
Possible  reasons  for  why  the  effective  moment  is  lower  in  UCu2Ge2  are  crystal 
field  effects  or  magnetic  moment  compensation  [138].  The  magnetic  interactions 
of  the  U  ions  may  be  explained  by  an  isotropic  RKKY  model,  in  agreement  with 
neutron  diffraction  and  magnetization  data  [28] .  This  model  was  also  successful 
in  explaining  the  magnetic  interactions  in  isostructural  UPd2Si2,  URh2Si2,  and 
UPd2Ge2  [122].  The  details  of  using  this  isotropic  RKKY  mechanism  will  be 
discussed  in  the  "Theory"  chapter  of  this  dissertation. 

One  important  point  that  cannot  be  emphasized  enough  concerns  the  Si/Ge 
sublattice  disorder  that  is  intentionally  created  and  differs  from  other  alloying 
experiments  on  the  UCu2Si2  and  UCu2Ge2  compounds.  Since  Si  and  Ge  are 
isovalent,  the  carrier  density  is  not  changed.  In  contrast,  the  carrier  density 
changes  in  the  UNi2_iCuxGe2  system  along  with  the  magnetic  sublattice  since 
the  hybridization  between  the  U  and  Cu  ions  is  altered  by  the  substitution  of  the 
Ni  atoms.  Also  studies  done  on  the  UNi2-xCua:Ge2  system  [82,  79]  show  that  the 
ferromagnetic  phase  only  exists  for  1.20  <  x  <  2  in  the  UNi2-iCuxGe2  magnetic 
phase  diagram.  In  fact,  for  x  >  0.75  (i.e.,  the  samples  closest  to  pure  UCu2Ge2), 
there  is  a  ferromagnetic-to-commensurate  crossover.  For  example,  for  x  =  0.95, 
a  Tc  value  of  110  K  was  observed  in  ac-susceptibility  measurements  while  at 
94  K,  the  sample  underwent  another  transition  to  an  antiferromagnetic  phase  [79]. 
Kuznietz  et  al.  even  state  that  the  transition  metal  sublattices  determine  the 
type  of  ordering  on  the  uranium  sublattice  in  the  UM2X2  (where  M  =  Co,  Ni, 
Cu  and  X  —  Si,  Ge)  systems  [79].  For  the  UCu2Si2  side  of  the  phase  diagram, 
neutron-diffraction  results  by  Kuznietz  et  al.  upon  UNio.3oCui.7oSi2  show  that 
Ri  93%  of  the  sample  volume  orders  antiferromagnetically  while  the  other  7% 
orders  ferromagnetically  [81].  It  should  be  clear  from  the  examples  above  that 
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it  would  be  very  difficult  to  individually  distinguish  the  effects  on  Tc  between 
the  disorder  acting  on  the  transition  metal's  conduction  electrons  and  disorder 
altering  the  magnetic  sublattice.  Thus,  familiarity  and  acknowledgment  concerning 
the  tremendous  amount  of  work  on  the  magnetism  of  UCu2Si2  [63,  128,  96] 
and  UCuzGea  [23,  102,  45,  148]  is  revealed,  e.g.,  UCog-iCu^Gea  [80,  41]  and 
Ui_a;YxCu2Si2  [64,  62).  However,  despite  all  this  research,  this  UCu2Si2-iGea; 
is  unique  because  it  is  the  first  project  to  try  and  isolate  the  effects  of  disorder 
upon  Tc  by  creating  structural  disorder  at  the  Si/Ge  site  (i.e.,  the  4e  site  of  the 
ThCr2Si2  crystal  structure). 

A  final  factor  in  determining  the  Tc  enhancement  for  UCu2Si2_iGex  con- 
cerns minor  changes  in  the  stoichiometry  of  the  UCu2Si2-a;Gej  system.  Particular 
attention  to  the  stoichiometry  in  the  UCuaSia-xGex  compounds  is  paid  in  the  "Ex- 
perimental Techniques"  chapter  and  the  "UCu2Si2-iGex  Results  and  Discussion" 
chapter.  Kuznietz  et  al.  point  out  that  small  deviations  from  stoichiometry  on  the 
copper  sublattice  alters  the  number  of  conduction  electrons  [79].  The  effect  of  small 
stoichiometry  changes  upon  the  magnetic  properties  is  closely  monitored  since 
predictions  by  Silva  Neto  and  Castro  Neto  originate  from  conduction  electrons  on 
the  Cu  sublattice  scattering  from  the  localized  U  spins  [137]  as  discussed  earlier. 
In  fact,  multiple  samples  with  the  same  Si/Ge  concentration  are  synthesized  in 
order  to  compare  the  stoichiometry  differences  to  the  experimentally  determined 
Tc  values. 

The  low  temperature  resistivity  on  the  UCu2Si2-xGea;  compounds  is  also 
measured.  Low  temperature  resistivity  predictions  for  the  scattering  of  conduction 
electrons  from  localized  spin  fluctuations  have  the  resistivity  varying  as  T^  as 
observed  in  dilute  Pd-Ni  alloys  [131]  and  dilute  Ir-Fe  alloys  [70].  This  Fermi-liquid 
like  resistivity  behavior  is  expected  for  the  UCu2Si2-xGea;  compounds.  Also,  the 
resistivity  measurements  are  expected  to  provide  insight  into  the  type  of  dissipation 
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occurring  from  the  scatter  of  the  conduction  electrons.  The  two  main  sources 
of  dissipation  are  Landau  damping  for  clean  magnets  and  electronic  diffusion 
for  structurally  disordered  magnets  [137].  The  electrons  in  the  Landau  damping 
case  have  a  longer  mean  free  path  than  the  electrons  in  the  diffusive  case.  Thus, 
the  resistivity  for  the  Landau  damping  electrons  (i.e.,  the  ballistic  electrons)  is 
expected  to  be  smaller  than  the  diffusive  electrons. 


CHAPTER  2 
THEORY 

2.1    Non- Fermi-Liquid  Theory 

2.1.1     Introduction 

The  discovery  of  the  electron  in  1897  by  J.J.  Thomson  has  led  to  many  theo- 
ries concerning  the  behavior  of  electrons  in  metals.  In  1900,  P.  Drude  formulated 
his  theory  of  metallic  conduction  by  using  a  slightly  modified  method  of  the  kinetic 
theory  of  a  neutral  dilute  gas.  Unfortunately,  the  Drude  model  was  not  accurate  in 
predicting  many  physical  properties,  such  as  the  specific  heat  of  a  metal.  A  quarter 
of  a  century  passed  until  Sommerf eld's  model  solved  the  problem  by  using  the 
Pauli  exclusion  principle's  requirement  that  the  electronic  velocity  distribution  is 
the  quantum  Fermi-Dirac  distribution  instead  of  the  classical  Maxwell-Boltzmann 
distribution.  After  the  passing  of  another  quarter  century  or  so,  L.D.  Landau  intro- 
duced his  Fermi-liquid  theory  that  was  able  to  explain  many  physical  properties  in 
metals  such  as  Cu  and  Al.  All  of  the  previous  models  made  use  of  an  independent 
electron  approximation  or  free  electron  model. 

As  one  comes  to  present  day,  complex  metals  have  been  discovered  where 
at  low  temperatures,  the  electron-electron  interactions  cannot  be  simply  ignored 
or  slightly  modified  with  respect  to  the  free  electron  case.  The  strong  electronic 
correlations  lead  to  non-Fermi-liquid  behavior.  In  fact,  non-Fermi-liquid  behavior 
has  been  observed  in  metals  with  disorder,  such  as  UCus-xPdx  [4].  The  theory  will 
begin  with  some  of  Landau's  arguments  for  Fermi- liquid  theory  and  then  explore 
some  of  the  theories  characterizing  non-Fermi-liquid  behavior. 
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2.1.2    Fermi-Liquids 

In  1957,  L.D.  Landau  proposed  his  Fermi-liquid  theory.  The  original  intent 
of  the  theory  was  to  explain  the  liquid  state  of  the  isotope  of  helium  of  mass 
number  3  [7].  However,  Fermi- liquid  theory  is  now  being  applied  to  the  theory  of 
electron-electron  interactions  in  metals. 

Landau's  Fermi-liquid  theory  has  two  main  points.  First,  the  electrons  that 
are  within  ksT  of  the  Fermi  energy  and  that  do  have  interactions  with  each  other 
do  not  ruin  the  success  of  the  independent  electron  picture  in  explaining  low- 
energy  metallic  properties.  Secondly,  single  electrons  are  not  just  being  considered 
anymore,  but  rather  quasiparticles  (or  quasielectrons).  These  quasiparticles  share 
many  of  the  properties  of  non-interacting  electrons,  but  quasiparticles  are  like 
electrons  that  have  been  perturbed  from  their  non-interacting  state  by  means  of 
interaction  [134]. 

Instead  of  going  through  a  quantitative  analysis  as  Landau  did  to  obtain 
respective  thermodynamic  and  transport  properties  [83,  84,  85]  of  a  Fermi  liquid, 
a  qualitative  analysis  is  more  appropriate  for  this  dissertation.  The  quasiparticles 
that  are  of  most  importance  are  those  that  are  within  k^T  of  the  Fermi  surface 
as  stated  above.  Most  quasiparticles  in  metals  are  so  far  buried  down  below 
the  Fermi  surface  that  they  are  unable  to  obtain  the  required  energy  needed  to 
reach  an  unoccupied  quantum  state.  Thus,  only  quasiparticles  within  ksT  of  the 
Fermi  surface  can  contribute  k^  to  the  specific  heat  and  the  specific  heat  grows 
linearly  with  temperature.  Likewise,  only  quasiparticles  within  /xbB  (where  B  is 
an  external  magnetic  field)  of  the  Fermi  surface  can  magnetize  with  a  magnetic 
moment  proportional  to  /xb  leading  to  a  temperature  independent  magnetic 
susceptibility  [134].  If  the  temperature  is  above  absolute  zero,  then  some  energy 
levels  above  the  Fermi  energy  will  be  occupied  within  a  range  of  ksT  of  the  Fermi 
surface.  Therefore,  the  scattering  rate  for  the  quasiparticles  near  the  Fermi  surface 
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is  proportional  to  T'^.  Since  the  resistivity  is  proportional  to  the  scattering  rate,  the 
low  temperature  resistivity  goes  like  T^. 
2.1.3     Non-Fermi-liquids 

In  1991,  Seaman  et  al.  discovered  low-temperature  measurements  of  specific 
heat,  magnetic  susceptibility,  and  electrical  resistivity  on  the  Yi_2:UiPd3  system 
that  were  contradictory  to  Landau's  Fermi-liquid  theory  [136].  Specifically,  the 
compound  Y0.8U0.2Pd3  displayed  a  linear  low  temperature  behavior  in  its  resistivity 
and  a  logarithmic  relationship  in  its  low  temperature  heat  capacity  for  over  a 
decade  of  temperature  in  both.  To  date,  over  fifty  systems  have  been  discovered 
that  do  not  obey  Landau's  Fermi  liquid  theory  [143]. 

Since  the  discovery  of  Y0.8U0.2Pd3  displaying  this  non- Fermi-liquid  (NFL) 
behavior,  there  has  been  considerable  interest  in  explaining  this  NFL  behavior 
by  condensed  matter  theoreticians.  The  various  theories  are  segregated  into  three 
general  categories:  1)  multichannel  Kondo  models;  2)  models  where  the  magnetic 
phase  boundary  lies  near  0  K  (i.e.,  the  quantum  critical  point);  and  3)  models 
based  on  disorder.  A  synopsis  of  the  various  theories  will  be  given  while  particular 
attention  will  be  paid  to  models  that  are  applicable  to  UCus-xNij;. 
2.1.3.1    Multichannel  Kondo  Model 

The  multichannel  Kondo  effect  is  based  upon  single-impurity  physics.  The 
multichannel  Kondo  effect  is  described  by  a  quantum  impurity  spin  S  that  is 
coupled  antiferromagnetically  to  n  degenerate  channels  of  spin-|  conduction 
electrons  [1].  The  so-called  Kondo  lattice  Hamiltonian  is  derived  from  the  Anderson 
Hamiltonian  to  describe  the  single- impurity  multichannel  Kondo  model  [143] : 

Hk=   22  ^kClkma^kma  +  J       22,       ^  '  (^kma^cra'ak'ma'  (2.1) 

k,m,cr  k,k' ,m,CT,(T' 

where  e^  is  the  conduction-electron  dispersion  relation,  al^^  and  akmcr  are  creation 
and  annihilation  operators  on  electrons  with  momentum  k  and  spin  projection 
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m,  J  is  the  antiferromagnetic  coupling  constant  between  the  locaUzed  impurity 
spins  and  the  conduction  electrons,  S  is  the  localized  spin  impurity,  and  a^cr'  are 
the  Pauli  spin  matrices.  Three  distinct  cases  arrive  from  the  above  Hamiltonian 
between  the  n  channels  (or  flavors)  of  the  conduction  electrons  and  the  impurity 
spin  S  [143]: 

1.  If  n  =  2S,  the  conduction-electron  channels  fully  screen  the  impurity 
spin  channels  and  a  singlet  ground  state  arises.  This  leads  to  Fermi-liquid 
behavior  as  described  above. 

2.  If  n  <  2S,  the  conduction-electron  channels  only  partially  screen  the  impurity 
spin  channels  and  no  singlet  ground  state  exists.  The  result  is  a  new  effective 
Kondo  effect  with  a  net  spin  S'  =  S  -  n/2  [25].  The  ground  state  is  Fermi- 
liquid-like  and  mirrors  the  model  of  Coqbhn  and  Schrieffer  [30]  (n  =  1,  S  > 
1/2). 

3.  If  n  >  2S,  the  local  spin  is  "overcompensated"  yielding  a  critical  ground 
state  with  a  non- Fermi- liquid  excitation  spectrum  [75].  The  result  of  this 
overcompensation  is  power-law  or  logarithmic  behavior  in  measured  physical 
quantities  like  magnetization,  resistivity,  and  specific  heat  as  the  temperature 
and  external  field  approach  zero. 

The  third  case  is  particularly  interesting  since  the  low  temperature  dependence 
of  the  magnetic  susceptibility,  specific  heat,  and  resistivity  depend  upon  the 
number  of  channels  of  conduction  electrons,  n,  and  the  impurity  spin  S.  For 
example,  if  n  =  2  ("two-channel")  and  S  =  1/2,  then  the  low  temperature,  zero- 
field  magnetic  susceptibility  and  specific  heat  divided  by  temperature,  C/T,  go 
approximately  like  log(T/Ti<:)  [132].  Such  logarithmic  temperature  dependence  has 
been  observed  in  systems  such  as  Yi-^jU^Pda  [136]  and  Thi_a;UxPd2Al3  [34,  38]. 
Also,  the  low  temperature  resistivity  at  zero-field  behaves  like  Po  -  As/T  [91]. 
Unfortunately,  this  low-temperature  resistivity  has  not  been  observed  in  many  NFL 
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systems.  The  reason  may  be  that  the  low-temperature  resistivity  predictions  were 
made  in  the  dilute  impurity  limit  while  the  NFL  behavior  in  systems  crops  up  more 
in  the  concentrated  Umit. 

Cox  and  Zawadowski  [32]  have  addressed  this  concentrated  limit.  It  is  a  special 
case  of  the  multichannel  Kondo  effect  that  has  a  quadrupolar  origin.  The  NFL 
behavior  in  this  model  results  from  an  effective  exchange  interaction  between 
pseudospins  and  the  electric  quadrupole  moment  of  the  groundstate  [25].  However, 
no  system  has  met  the  strict  requirements  required  by  this  quadrupolar  Kondo 
effect. 

The  multichannel  Kondo  model  portrays  NFL  behavior  as  single-ion  in 
nature  [21].  This  means  that  each  impurity  moment  is  treated  independently  and 
concentrated  systems  might  not  be  of  single-ion  character  since  no  interaction 
between  the  impurities  is  taken  into  effect. 
2.1.3.2    Quantum  Critical  Point 

The  second  general  theoretical  category  describing  non-Fermi-liquid  behavior 
is  quantum  critical  point  models.  The  quantum  critical  point  theories  arise  from 
the  critical  phenomena  that  occur  at  or  near  a  zero  temperature  phase  transition. 
Classically,  a  phase  transition  would  occur  at  a  nonzero  temperature  and  temper- 
ature would  be  the  control  parameter.  The  temperature  parameter  would  control 
the  thermal  fluctuations  and  if  the  thermal  fluctuations  have  characteristic  energies 
(ha;*,  where  co*  is  the  frequency  associated  with  the  fluctuations)  much  less  than 
kfiTc  (where  T^  is  the  critical  temperature  of  a  phase  transition),  then  the  fluc- 
tuations may  be  described  by  classical  statistics  [25].  However,  in  1976,  Hertz  [60] 
considered  the  case  when  the  critical  temperature  is  at  T  =  0.  The  fluctuations 
would  have  zero  thermal  energies.  Thus,  quantum  mechanical  fluctuations  would 
arise  that  could  not  be  controlled  by  temperature.  These  fluctuations  may  be  con- 
troUed  by  chemical  substitution,  external  pressure,  or  magnetic  fleld.  An  example 
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of  pressure  control  is  CePd2Si2  where  a  pressure  of  ~  28  kbax  suppresses  antiferro- 
magnetism,  induces  superconductivity  at  0.43  K,  and  shows  NFL  behavior  in  the 
electrical  resistivity  (p(T)  oc  T^-^)  [58].  The  idea  is  that  one  of  the  aforementioned 
control  parameters  "tune"  a  system  from  an  ordered  ground  state  to  a  non-ordered 
state  crossing  a  quantum  critical  point  [143].  The  assumption  is  that  at  low  enough 
temperatures,  the  system's  behavior  will  be  dictated  by  quantum  effects  despite 
not  being  able  to  measure  thermodynamic  properties  at  T  =  0  [139].  At  these 
low  temperatures,  non-Fermi-liquid  behavior  appears  at  or  near  a  quantum  critical 
point  since  usually  a  magnetic  phase  transition  is  suppressed.  The  quantum  critical 
point  theory  is  relevant  to  the  UCus-iNij  system  because  doping  UCU5  with  Ni 
suppresses  the  long  range  antiferromagnetic  order  and  Tn^bI  approaches  zero. 

As  mentioned  above,  measurements  at  T  =  0  cannot  be  performed.  Thus, 
in  order  to  confirm  whether  or  not  the  NFL  behavior  is  due  to  a  quantum  critical 
point,  one  must  analyze  scaling  behavior  [152]  (either  for  temperature  or  frequency) 
on  finite-temperature  properties  and  compare  to  predictions  made  by  several 
different  models.  A  synopsis  of  each  model  with  key  points  is  provided  below. 

The  first  theoretical  model  was  developed  by  Tsvelik  and  Reizer  [152].  This 
theory  matched  the  low-temperature  thermodynamics  measured  in  U0.2Y0.8Pd3  and 
UCu3.5Pdi.5   [136,  5,  4].  The  theoretical  model  states  that  the  two  previous  systems 
are  on  the  verge  of  a  phase  transition  that  occurs  at  zero  temperature  and  results 
in  a  domination  by  collective  bosonic  modes.  The  model  also  matched  the  correct 
scaling  analysis  of  the  low-temperature  properties  [4]: 

magnetization  :     M  =  —-f 


Ti     \ T^+i 


speciflcheat:     ^i^  -  !^  =  /   ^ 
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where  7  —  0.25  —  0.3;  ^5  +  7  =  1.2  —  1.3;  (the  model  predicted  a  scahng  dimension 
of  4/3)  and  /  and  g  are  nonsingular  scahng  functions.  Along  with  the  above 
scaling  analysis,  the  specific  heat  has  a  logarithmic  divergence  and  the  dc  magnetic 
susceptibility  has  a  divergent  form  (T""^)  at  low  temperatures. 

A  second  theoretical  model  investigating  quantum  critical  phenomena  was 
developed  by  Hertz  [60]  and  Millis  [97] .  A  major  assumption  is  made  to  integrate 
out  the  fermions  (i.e.,  the  conduction  electrons)  and  thus  the  problem  is  reduced 
to  the  study  of  an  effective  bosonic  theory  describing  fluctuations  of  the  ordering 
field  [97].  Results  depend  crucially  upon  the  value  of  d  +  z,  where  d  is  the  spatial 
dimension  and  z  the  dynamic  exponent  (z=2  for  the  antiferromagnet  and  z=3 
for  the  ferromagnet)  of  the  T  =  0  transition  [60].  All  of  the  cases  considered 
except  for  the  two-dimensional  antiferromagnet  have  an  effective  dimension,  (d+z), 
greater  than  their  upper  critical  dimension  [60] .  Hyperscaling  (which  is  used  to 
derive  the  scaling  analysis  mentioned  in  the  previous  paragraph)  has  been  shown 
not  to  apply  to  systems  above  their  upper  critical  dimension  [17,  121].  Phase 
diagrams  with  crossover  temperature  relationships  between  various  regions  have 
been  obtained  for  different  cases  (e.g.,  two  spatial  dimensions  and  dimensions  larger 
than  two  [97]).  None  of  the  derived  relationships  for  measured  properties  in  this 
model  are  applicable  to  the  UCus-xNix  system. 

A  third  theoretical  model  investigating  quantum  critical  phenomena  was 
developed  by  Moriya  and  Takimoto  [103]  and  it  involves  spin  fluctuations  in  heavy 
electron  systems  around  their  antiferromagnetic  instability.  This  idea  is  particularly 
applicable  to  the  UCu5_j;Nij:  system  since  the  heavy  electron  system  UCus  has 
its  Neel  temperature  suppressed  by  Ni  doping.  This  theory  is  based  on  exchange- 
enhanced  spin  fluctuations  playing  a  major  role  in  displaying  various  anomalous 
properties  around  the  magnetic  phase  boundary.  Moriya  and  Takimoto  addressed 
the  problem  of  coupling  among  the  different  modes  of  spin  fluctuations  in  heavy 
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electron  systems  [103].  Their  answer  was  to  take  a  phenomenological  point  of  view 
by  using  a  sum  rule  for  the  local  spin  fluctuations  valid  in  the  strong  correlation 
limit: 

c   2     ,     c   2    _    c2 

where  Slo  is  the  mean  square  local  amplitude  of  the  zero  point,  Slt  is  the  mean 
square  local  amplitude  of  the  thermal  spin  fluctuations,  and  Sl  is  the  amplitude 
of  the  local  spin  density  that  takes  a  constant  value.  The  sum  rule  is  then  used  to 
calculate  the  reduced  inverse  staggered  susceptibility  in  the  low  temperature  limit, 
Yo,  for  a  nearly  antiferromagnetic  metal: 

1 
^^  "  2TaXq(0) 

where  T^  is  a  characteristic  energy  parameter  and  Xq(0)  is  the  local  dynamical 
susceptibility  for  the  antiferromagnetic  wave  vector  Q.  This  expression  has  the 
same  form  as  in  the  self-consistent  renormalization  (SCR)  theory  for  weak  itinerant 
antiferromagnetism  [103].  The  parameter  yo  goes  to  zero  as  the  magnetic  instability 
is  approached;  in  fact,  at  the  critical  boundary,  yo  equals  zero  [103].  Thus,  the 
value  of  yo  gives  a  prediction  for  the  proximity  to  the  magnetic  instability  [143]. 
The  value  of  yo  is  obtained  by  fitting  the  specific  heat  and  electrical  resistivity 
data. 

Moriya  and  Takimoto  made  predictions  for  the  specific  heat  and  electrical 
resistivity  due  to  the  spin  fluctuations.  When  yo  =  0,  the  specific  heat  takes  a  finite 
value,  7o,  and  starts  to  decrease  with  increasing  temperature  proportionally  to 
T^/^.  Immediately  after  the  square  root  behavior,  the  specific  heat  shows  a  negative 
logarithmic  behavior  in  a  certain  range  of  temperature  (over  about  60%  of  a  decade 
in  temperature  above  the  7o  -  AT°-^  behavior  [143]).  Interestingly,  as  one  gets 
further  from  the  phase  boundary  (i.e.,  yo  7^  0),  Fermi-liquid  behavior  arises  and  the 
range  of  linear  specific  heat  increases  with  increasing  yo.  The  electrical  resistivity 
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at  the  critical  boundary  is  proportional  to  T^/^  at  low  temperatures  and  as  the 
temperature  increases,  there  is  a  certain  range  where  the  resistivity  is  almost  linear 
in  T.  The  electrical  resistivity  is  similar  to  the  specific  heat  in  that  as  one  moves 
further  away  from  the  antiferromagnetic  critical  boundary,  there  exists  a  normal 
Fermi-liquid  behavior  at  low  temperatures.  Physically,  the  interpretation  of  the 
departure  from  the  T^/^  behavior  to  the  logarithmic  dependence  in  the  specific 
heat  and  crossover  from  the  T^/^  behavior  to  the  linear  dependence  in  the  electrical 
resistivity  is  that  at  the  lowest  temperatures,  the  coupling  among  the  different 
modes  of  the  spin  fluctuations  is  small  in  magnitude;  however,  as  the  temperature 
increases,  the  coupling  also  increases  [143].  Application  of  Moriya  and  Takimoto's 
theory  will  be  discussed  later  on. 

Several  other  theoretical  models  exist  describing  quantum  critical  phenomena. 
However,  in  the  interest  of  relevance  to  this  dissertation,  one  should  be  directed  to 
Dr.  Stewart's  review  article  [143]  for  a  complete  summary  of  all  theoretical  models 
pertaining  to  the  quantum  critical  point. 
2.1.3.3     Disorder  ,.     ' 

The  third  theoretical  category  describing  non-Fermi-liquid  behavior  concerns 

models  based  on  a  disorder.  These  models  originate  from  the  multichannel  Kondo 

model.  It  was  previously  discussed  that  when  the  conduction-electron  channels 

are  sufficient  to  compensate  the  impurity  spin,  then  Fermi-liquid  behavior  occurs. 

Tk  is  the  Kondo  temperature  below  which  the  conduction  electrons  fully  screen 

the  local  impurity  spin  for  S  =  1/2  and  n  =  1  (the  number  of  conduction-electron 

bands).  The  disorder  model  has  been  proposed  to  reduce  Tk  to  lower  temperatures 

for  some  of  the  magnetic  impurities  and  thus,  some  of  the  long-range  magnetic 

order  survives  leading  to  non- Fermi-liquid  behavior.  The  Kondo  temperature,  Tk, 

is  given  as  follows  [76]: 

kBTK?«efexp-i/N(o)j 
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where  ep  is  the  Fermi  energy,  N(0)  is  the  density  of  states  at  the  Fermi  energy, 
and  J  is  the  exchange  constant  between  the  local  moment  and  conduction-electron. 
Mathematically,  if  disorder  could  increase  N(0),  J,  or  both,  then  the  Kondo 
temperature  could  be  lowered  below  the  average  Tk-  Thus,  if  the  temperature  were 
at  average  Tk,  then  not  all  magnetic  impurity  spins  would  be  compensated  for  and 
the  uncompensated  spins  would  lead  to  NFL  behavior. 

The  first  disorder  driven  model  was  constructed  from  the  work  of  Dobrosavl- 
jevic  et  al.  [39]  and  Bhatt  and  Fisher  [12].  Then,  Bernal  et  al.  [11]  used  this 
"Kondo  disorder"  model  to  explain  the  large  inhomogeneous  nuclear  magnetic 
resonance  (NMR)  linewidths  they  observed  in  UCu5_j;Pda;.  The  large  linewidths 
reflected  a  broad  distribution  of  local  uranium  spin  static  susceptibilities  that  were 
considered  to  be  due  to  a  probability  distribution,  P(Tk),  of  Kondo  temperatures. 
The  distribution  of  Kondo  temperatures  was  assumed  to  be  due  to  disorder.  The 
uniform  magnetic  susceptibility,  x(H,T)  =  M(H,T)/H,  was  thought  of  as  the  aver- 
age of  x(H,  T;Tk)  over  P(Tk)  and  fits  on  x(H,T)  were  used  to  obtain  parameters 
characterizing  P(Tk).  The  NMR  linewidths,  which  come  from  the  distribution  of 
Knight  shifts  and  measure  directly  the  width  of  the  distribution  P(x)  of  x,  were 
found  to  agree  well  with  the  Kondo  disorder  model  and  no  further  fitting  of  P(Tk) 
was  required.  The  temperature  and  field  dependence  of  the  specific  heat  agreed 
well  with  the  Kondo  disorder  model. 

The  Kondo  disorder  model  was  extended  further  by  Miranda  et  al.  [98,  100, 
99],  who  focused  on  non-Fermi-liquid  behavior  due  to  the  interaction  between 
disorder  and  strong  electron-electron  correlations.  Their  theory  sums  up  as  a 
small  amount  of  disorder  playing  a  major  role  in  the  low-temperature  logarithmic 
divergence  in  magnetic  susceptibility  and  specific  heat  along  with  the  linear 
behavior  in  the  low  temperature  resistivity  [25]. 
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Not  only  was  the  multichannel  Kondo  model  mixed  with  disorder,  but 
also  spin  fluctuations  near  a  quantum  critical  point  were  mixed  with  disorder. 
Rosch  [126]  explained  that  the  reason  why  the  resistivity  varies  as  T'*  where  a.  is 
between  1  and  1.5  for  various  systems  [68,  95,  53]  is  due  to  the  interplay  between 
quantum-critical  antiferromagnetic  spin  fluctuations  and  impurity  scattering  in 
a  conventional  Fermi-liquid.  In  other  words,  the  dependence  of  the  exponent  de- 
pended on  sample  quality.  The  disorder  in  a  sample  was  quantified  by  taking  the 
inverse  of  the  residual  resistivity  ratio:  R(T^0)/R(T^300  K). 

The  most  relevant  disorder  model  to  UCus-^Nij;  involves  a  model  proposed 
by  Castro  Neto  et  al.  [21,  20].  The  model  by  Castro  Neto  et  al.  takes  place  in  a 
disordered  environment  and  features  the  competition  between  the  Kondo  efltect 
and  Ruderman-Kittel-Kasuya-Yosida  (RKKY)  interaction  (i.e.,  magnetic  ordering) 
as  represented  by  the  Hamiltonian  in  Eq.  2.1.  The  problem  with  studying  this 
competition  is  the  fact  that  both  the  RKKY  interaction  and  the  Kondo  effect  have 
origins  on  the  same  magnetic  coupling  between  spins  and  electrons  [21].  However, 
perturbation  theory  may  be  used  to  treat  the  RKKY  interaction  since  the  RKKY 
interaction  depends  on  electronic  states  on  the  Fermi-surface  and  states  embedded 
inside  the  Fermi-surface  while  the  Kondo  effect  just  affects  the  Fermi  surface.  The 
RKKY  interaction  leads  to  an  order  of  the  magnetic  moments  while  the  Kondo 
coupling  leads  to  the  destruction  of  long-range  order  in  a  magnetically  ordered 
system. 

In  the  model  by  Castro  Neto  et  al,  disorder  also  affects  the  magnetic  order 
in  these  systems.  For  a  ligand  system  (e.g.,  UCus-xNij;,  the  metallic  Cu  atoms 
are  replaced  by  Ni  atoms),  if  the  metallic  atoms  are  replaced  with  smaller  metaUic 
atoms  (as  is  the  case  for  UCus-^Nij;),  then  the  difference  in  size  between  the  metal- 
He  atoms  leads  to  a  local  lattice  contraction  which  modifies  the  local  hybridization 
matrix  elements  [21].  Large  local  effects  in  the  system  can  occur  because  the  local 
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hybridization  matrix  elements  are  exponentially  sensitive  to  the  overlap  between 
different  angular  momentum  orbitals.  Also,  the  local  value  of  the  exchange  constant 
between  the  conduction  electrons  and  the  localized  moments,  J  in  Eq.  2.1,  changes 
due  to  the  change  in  the  local  hybridization  matrix  elements. 

Castro  Neto  et  al.  disagree  with  the  interpretations  of  the  Doniach  argu- 
ment [40]  which  are  based  on  homogeneous  changes  in  the  exchange  constants 
between  conduction  electrons  and  magnetic  moments.  It  is  true  that  when  the 
local  exchange  constant,  J{i),  is  below  a  critical  value  Jc,  the  RKKY  energy  scale 
is  larger  than  the  Kondo  temperature  as  shown  in  Fig.  2-1  on  page  35.  However, 
Castro  Neto  and  Jones  argue  that  since  disorder  is  present  in  the  system,  the  mo- 
ment can  locally  order  with  its  environment  as  the  system  is  cooled  down  [21].  The 
Doniach  argument  differs  because  it  is  based  on  a  global  change  in  the  exchange 
constant,  J,  instead  of  just  a  local  change.  Doniach's  picture  predicts  a  change 
in  the  exchange  constant  over  the  entire  lattice  and  the  ordering  temperature  in 
Fig.  2-1  vanishes  at  a  quantum  critical  point  where  the  system  goes  from  ordered 
state  to  fully  Kondo  compensated  state  [21].  The  picture  by  Castro  Neto  and  Jones 
represents  a  quantum  percolation  problem  where  moments  are  compensated  due  to 
local  effects  and  that  a  local  change  in  a  coupling  constant  does  not  immediately 
imply  a  change  of  the  "average  coupling"  constant.  Thus,  even  if  chemical  substi- 
tution occurs  on  a  non-magnetic  site,  individual  moments  will  be  compensated  for 
magnetically  due  to  the  distribution  of  exchange  constants  in  the  presence  of  disor- 
der [21].  At  some  critical  doping  concentration,  long-range  magnetic  order  will  be 
suppressed  and  the  system  will  enter  a  paramagnetic  phase.  However,  since  Castro 
Neto  and  Jones  argue  that  the  situation  is  a  percolation  problem,  the  paramagnetic 
phase  can  still  contain  clusters  of  atoms  in  a  relatively  ordered  state. 

The  alloying  of  a  metallic  atom  with  a  different  metallic  atom  is  what  leads 
to  this  percolation  problem.  In  this  percolation  problem,  the  interest  lies  in  the 
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Figure  2-1:  The  Doniach  phase  diagram  taken  from  Ref.  [21].  The  thick  dashed 
line  is  the  Kondo  temperature,  Tk  «J  Epe-^/^^")-'.  The  thin  dashed  hne  is  the 
RKKY  temperature,  Trkky  oc  [N(0)J]l  The  continuous  Une  that  equals  zero  at  Jc 
is  the  ordering  temperature,  Tn. 
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paramagnetic  phase  or  when  p  >  pc,  where  p  is  a  percolation  parameter  (related 
to  the  density  of  quenched  moments)  and  pc  is  the  percolation  threshold  of  the 
lattice.  When  p  >  pc,  then  there  are  only  finite  clusters  of  magnetic  moments 
(i.e.,  magnetic  atoms)  which  are  more  coupled  than  the  average  [21].  Castro  Neto 
and  Jones  assumed  that  these  clusters  do  not  have  strong  interactions  amongst 
themselves  and  that  to  a  first  approximation,  they  can  be  thought  of  as  isolated 
and  permeated  by  a  paramagnetic  matrix.  Castro  Neto  and  Jones  termed  the 
behavior  of  a  cluster  of  N  atoms  in  the  presence  of  a  paramagnetic  environment  as 
the  N- impurity-cluster  Kondo  effect. 

The  N-impurity-cluster  Kondo  effect  involves  a  cluster  of  N  magnetic  moments 
close  to  a  quantum  critical  point  (due  to  the  presence  of  disorder).  If  N  is  large, 
then  the  magnetic  cluster  may  be  considered  as  a  large  magnetic  grain.  The 
ground  state  is  either  a  full  ferromagnet  or  antiferromagnet.  The  ground  state  of 
the  cluster  has  to  be  at  least  doubly  degenerate  due  to  time-reversal  symmetry 
and  the  cluster  can  fluctuate  quantum  mechanically  (i.e.,  tunnel)  between  the 
two  degenerate  states  in  the  absence  of  an  applied  magnetic  field  [21].  Since 
the  magnetic  clusters  can  tunnel  in  the  presence  of  a  metallic  environment,  this 
produces  dissipation  (due  to  particle-hole  excitations  in  the  conduction  band  [21]). 

Castro  Neto  and  Jones  show  that  the  sources  for  tunneling  depend  upon 
the  symmetry  of  the  system.  To  summarize,  ff  the  magnetic  cluster  has  XYZ 
symmetry  or  very  low  spin  isotropy  and  Nc  is  the  threshold  limit  of  spins  in 
a  given  cluster  above  which  the  Kondo  effect  ceases  to  occur,  then  Nc  is  the 
maximum  number  of  magnetic  moments  that  can  still  tunnel  due  to  the  anisotropy 
in  the  RKKY  interaction.  If  N  >  Nc,  then  there  is  no  Kondo  effect  and  the 
tunneling  ceases  along  with  cluster  motion  due  to  freezing.  The  other  case  involves 
XXZ  or  Heisenberg  symmetry.  For  this  case,  the  only  source  of  tunneling  is  the 
Kondo  effect.  This  Kondo  effect  is  due  to  the  dissipative  dynamics  of  states  [21]. 
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Dissipation  is  vital  in  this  case  because  it  allows  tunneling  to  vanish  for  a  finite 
number  of  spins  given  by  Nc- 

As  mentioned  above,  tunneling  and  dissipation  are  created  when  a  set  of 
magnetic  impurities  interacts  through  a  conduction  band.  Castro  Neto  and  Jones 
also  show  that  three  different  energy  scales  are  created  in  the  mean-field-like 
picture:  the  ordering  temperature,  the  tunneling  energy,  and  the  damping  energy 
[21].  Castro  Neto  and  Jones  explored  how  these  different  energy  scales  would  affect 
the  Kondo  lattice.  If  the  previous  example  of  a  ligand  system  having  its  metallic 
atom  replaced  by  a  smaller  atom  is  used  again,  then  the  lattice  locally  contracts 
resulting  in  local  matrix  elements  that  have  exponentially  large  values  and  the 
local  exchange  parameter  may  be  much  larger  than  the  average  exchange  in  the 
lattice  [21].  The  calculations  by  Castro  Neto  and  Jones  reveal  that  this  problem  is 
equivalent  to  an  anisotropic  d-hl  classical  Ising  model  with  long-range  interactions 
in  the  imaginary-time  direction,  and  short-range  interactions  in  the  space  direction. 
The  solution  to  this  problem  involves  extending  the  quantum  droplet  model  of  Thill 
and  Huse  [147]  in  the  context  of  insulating  magnets.  In  the  paramagnetic  phase, 
the  quantum  droplets  are  the  magnetic  clusters.  A  distribution  of  the  energy  scales 
(or  cluster  Kondo  temperatures)  is  fixed  by  the  percolation  theory  mentioned  above 
and  this  distribution  arises  from  a  distribution  of  cluster  sizes.  The  behavior  of  this 
statistical  problem  reveals  that  as  the  critical  number  of  spins,  Nc,  is  finite,  the 
distribution  for  the  energy  levels  diverges  logarithmically;  however,  as  Nc  -^  oo, 
there  is  a  crossover  in  the  problem  to  a  power-law  distribution  for  the  energy 
levels.  Now  that  the  distribution  of  the  energy  scales  has  been  obtained,  the  actual 
physical  properties  of  these  magnetic  clusters  were  calculated  by  Castro  Neto  and 
Jones. 

Castro  Neto  and  Jones  considered  two  distinct  domains  of  temperature  for  the 
physical  properties:  T  <  T*  and  T  >  T*  where  T*  is  a  crossover  temperature.  The 
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crossover  temperature  values  depend  upon  the  source  of  tunneling.  For  example, 
if  the  source  is  RKKY  interaction,  then  the  critical  number  of  magnetic  clusters 
for  which  tunneling  ceases  is  very  large  and  the  crossover  temperature  is  effectively 
zero  [21].  For  the  case  where  the  Kondo  effect  is  the  source  of  tunneling,  then  the 
crossover  temperature  is  on  the  order  of  magnitude  of  about  0.5  K  for  a  ligand 
system  [21]. 

The  asymptotic  behavior  of  the  magnetic  susceptibility  and  specific  heat  is 
considered  for  temperatures  less  than  the  crossover  temperature.  Interestingly, 
there  are  no  analytic  expressions  for  the  magnetic  susceptibility  and  specific 
heat  of  a  Kondo  system  [31].  For  T  <  T*,  tunneling  ceases  and  the  tunnel 
splitting  is  zero.  The  spin  cluster  motion  is  frozen  and  dissipation  dominates  the 
spin  dynamics.  This  leads  to  a  divergent  behavior  in  the  susceptibility  at  low 
temperatures  [21]: 

where  W  «  Ep,  the  Fermi  energy.  Similarly,  the  specific  heat  diverges  for  extremely 
low  temperatures  [21]: 

Unfortunately,  the  measurement  of  temperatures  below  the  crossover  temperature 
is  physically  impossible  except  for  a  few  rare  earth  cases  [21]. 

The  temperature  range  above  the  crossover  temperature  and  below  the  average 
RKKY  interaction  energy  gives  rise  to  physical  properties  that  are  indicative 
of  quantum  Griffiths- McCoy  singularities  in  a  paramagnetic  phase  [57].  For 
temperatures  above  the  crossover  temperature,  a  power-law  behavior  is  present 
for  the  magnetic  susceptibility  [21]:  x(T)  oc  T-i+^,  where  A  <  1.  In  the  high 
temperature  limit,  the  susceptibility  goes  like  normal  Curie  behavior:  x(T)  oc  1/T. 
Likewise,  power-law  behavior  is  present  in  the  specific  heat:  Cv(T)  oc  T'^-^^,  with 
A  <  1.  The  lambda  values  above  do  not  have  to  be  the  same,  contrary  to  an  earlier 
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work  [20].  Castro  Neto  and  Jones  caution  that  the  temperature  above  the  crossover 
temperature  should  not  exceed  the  order  of  the  ordering  temperature  of  the  pure 
system  because  the  magnetic  clusters  will  decompose. 

Castro  Neto  and  Jones  also  consider  physical  quantities  with  the  application  of 
an  external  magnetic  field,  H,  and  in  the  temperature  regime  above  the  crossover 
temperature.  The  response  functions  are  calculated  by  knowledge  of  the  dynamical 
exponent  in  the  Griffiths-McCoy  phase.  The  first  physical  quantity  to  be  considered 
is  the  magnetization  and  Castro-Neto  and  Jones  observed  that  the  magnetization 
has  a  scaling  form 


H 


'H    T 


^(H,T)  =  ^ /..-,- 


(2.4) 


where  /A(x,y)  is  a  simple  scaling  function  and  u)o  is  the  attempt  frequency  of  the 
cluster.  The  focus  will  be  on  the  case  of  lOo  >  T,  Eh  (where  Er  is  the  magnetic 
energy  of  the  cluster  that  is  proportional  to  H);  thus,  the  scaling  function  above 
will  just  be  dependent  on  H/T.  If  T  >  Eh  (i.e.,  the  low-field  limit),  then  Castro 
Neto  and  Jones  calculated  the  scaling  function  to  be  /a(x,0)  rs  1  when  x  -^  0. 
The  magnetization  has  a  linear  dependence  with  the  magnetic  field  at  constant 
temperature  or  the  magnetization  diverges  at  low  temperatures  like  T-^"^  for 
A   <   1  at  constant  magnetic  field.  If  Eh   >   T,  then  the  high-field  limit  has 
the  magnetization  scaling  like  H-^  and  the  susceptibility  (x  =  dM/dH)  goes  like 
H'^~^  [21].  The  following  conclusion  may  be  drawn  about  the  scaling  function: 
/x(x,0)   «  x-^'^asx  -^  00.  One  important  note  that  will  be  further  explored 
in  the  "UCu5_jNi2;  Results  and  Discussion"  chapter  is  that  the  lambda  in  the 
high-field  magnetization  should  equal  the  lambda  determined  fi-om  the  low-field, 
low-temperature  magnetic  susceptibility. 
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Castro  Neto  and  Jones  also  calculate  low-temperature  limits  in  the  context  of 
specific  heat.  Their  calculations  yield  a  scaling  form 

CV(H,T)=T»,,(M1)  (2.5) 

where  ^A(x,y)  is  a  scaling  function.  Just  like  the  magnetization  case,  the  scal- 
ing function  will  only  be  dependent  upon  one  variable,  gx  (x,  0),  since  it  is  as- 
sumed ujo  »  Eh,  T.  For  low  fields,  the  specific-heat  coeflacient,  C^(H,  T)/T, 
diverges  at  low  temperatures  like  T-^^^  The  scaling  function  behavior  is  then 
gx{x,  0)  ^  1  for  X  -»  0.  In  the  case  of  high  fields,  the  dominant  behavior  is  a  little 

more  complicated: 

H2+V2  ( -n^ 

Cv(H,T)oc;^;5^exp|  — I  (2.6) 

The  scaling  behavior  is  ^a(x,0)  ->  e~''x2+V2asx  -*  oo.  The  more  complicated 
scaling  behavior  is  firom  a  Schottky  anomaly  due  to  the  high  magnetic  field  [21]. 
The  scaling  behavior  for  the  magnetization  and  specific  heat  is  summarized  in 
Fig.  2-2  on  page  41  (taken  firom  Ref.  [21]). 

In  concluding  this  theory  of  Griffiths-McCoy  singularities  in  the  paramag- 
netic region  close  to  the  quantum  critical  point  for  magnetic  orders  of  U  and 
Ce  intermetallics,  Castro  Neto  and  Jones  have  made  predictions  for  the  behav- 
ior of  the  imaginary  part  of  the  average  frequency  dependent  susceptibility,  the 
nonlinear  magnetic  susceptibility,  the  Knight  shift  measurement  in  NMR,  and 
neutron  scattering  [21].  All  the  behaviors  at  low  temperatures  are  based  upon  the 
quantum-mechanical  response  of  magnetic  clusters.  Experiment  has  shown  that 
these  magnetic  clusters  may  be  the  source  of  NFL  behavior  in  Cei.j^LajRhlns  [73] 
and  Cei-xTh^RhSb  [74]. 

2.2     Curie  Temperature  Enhancement  Theory 

The  enhancement  (i.e.,  the  unexpected  nonmonotonicity)  of  the  Curie  tem- 
perature, Tc,  was  predicted  by  Silva  Neto  and  Castro  Neto  [137].  Silva  Neto  and 
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Figure  2-2:  The  Griffiths  phase  diagram  taken  from  Ref.  [21].  T-H  phase  diagram 
showing  the  behavior  of  the  scahng  functions  for  magnetization,  /a(H/T),  and  spe- 
cific heat,  ^a(H/T).  The  T  ~  H  line  is  the  crossover  behavior  between  the  high  and 
low  field  limits.  T  is  the  average  RKKY  interaction  in  the  system  and  above  T,  the 
magnetic  cluster  does  not  exist. 


Castro  Neto  believe  that  their  study  in  the  realm  of  quantum  ferromagnets  is 
applicable  to  a  wide  class  of  systems: 

1.  heavy-fermion  compounds  such  as  URu2-iRexSi2  [35]  and  Thi_a;UxCu2Si2  [87]; 

2.  dilute  magnetic  semiconductors  such  as  Gai_a;Mna;As  [111]; 

3.  ferromagnetic  dichalcogenides  such  as  CeTe2  [69]; 

4.  manganites  such  as  Lai-iSr^MnOa  [67];  and 

5.  two-dimensional  electron  systems  in  the  quantum  Hall  regime  [10]. 

The  Curie  temperature  enhancement  theory  starts  from  the  premise  that  local 
moments  couple  durectly  to  an  itinerant  electron  liquid  and  this  premise  can  be 
expressed  mathematically  by  the  Hamiltonian  [137] 


H  =  -J^Si-Sj  +  JK5]Si-c{,-^,,,,Ci,,-+  He 

(ij)  i,<T,<r' 


(2.7) 


where  J  is  a  Heisenberg  exchange  between  localized  spins  Si  (total  spin  S),  Jk  is 
an  exchange  coupling  between  localized  spins  and  conduction  electrons,  c,^^  (ci,^.) 
is  the  creation  (annihilation)  electron  operator,  'a  are  the  Pauli  matrices,  and  He 
describes  the  conduction  electrons.  Silva  Neto  and  Castro  Neto  find  for  the  case 
of  a  metallic  system  described  by  the  Hamiltonian  in  Eq.  2.7  that  dissipation  (due 
to  disorder)  results  from  electrons  scattering  off  localized  moments  and  acting 
as  a  heat  bath  for  the  spin  dynamics.  The  two  main  sources  of  dissipation  are 
Landau  damping  in  the  case  of  clean  magnets  and  electronic  diffusion  in  the  case  of 
structurally  disordered  magnets  [49,  44].  The  effects  of  dissipation  upon  Tc  will  be 
discussed. 

To  begin  their  study  of  the  dissipative  problem,  Silva  Neto  and  Castro  Neto 
considered  an  action  of  the  form  [124] 

So(n)  =   /  dr   /d^x  |MoA(n)  •  ^n  +  ^  (Vn)'|  (2.8) 
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where  (3  =  1/T,  n  is  a  N-component  vector  that  represents  the  local  magnetization, 
Ps  is  the  spin-stiffness,  and  Mo  is  the  magnetization  density  in  the  ground  state. 
The  reason  for  showing  this  action  is  that  the  first  term  of  the  expansion  inside  the 
integral  is  a  topological  term  (the  kinematical  Berry  phase  [123,  59])  described  by 
the  vector  potential  A  of  a  Dirac  monopole  at  the  origin  of  spin  space.  This  term 
signals  the  presence  of  localized  moments  [137].  This  term  is  the  main  difference 
between  the  action  of  Silva  Neto  and  Castro  Neto  and  the  action  used  by  Hertz 
in  his  famous  study  of  itinerant  quantum  critical  phenomena  [60].  Hertz  did  not 
include  such  a  topological  term.  The  topological  term,  along  with  dissipation,  plays 
a  vital  role  in  the  behavior  of  the  Curie  temperature  [137]. 

Silva  Neto  and  Castro  Neto  determined  the  effects  of  dissipation  upon  the 
Curie  temperature.  The  phase  diagram  of  the  dissipative  problem  is  determined 
by  applying  the  momentum  shell  renormalization  group  and  large-N  analysis 
to  the  partition  function  of  the  system  [137].  The  dissipation  depends  upon  the 
conduction  electron  dynamics  as  mentioned  previously:  Landau  damping  for  a 
clean  system  and  electronic  diffusion  for  a  dirty  system.  Silva  Neto  and  Castro 
Neto  show  that  if  the  Curie  temperature  is  a  function  of  dissipation,  then  the  Curie 
temperature  decreases  faster  for  Landau  damping  than  for  electronic  diffusion. 
The  physical  interpretation  is  that  the  ballistic  electrons  (from  Landau  damping) 
have  an  infinite  mean  free  path  and  strongly  scatter  from  the  localized  magnetic 
moments  in  the  "cleaner"  system.  This  strong  scattering  leads  to  a  large  amount 
of  thermal  and  quantum  fluctuations  in  the  system.  In  the  other  case,  the  diffusive 
electrons  (from  electronic  diffusion)  have  a  finite  mean  free  path  and  do  not 
increase  the  thermal  and  quantum  fluctuations  as  much.  Interestingly,  Silva  Neto 
and  Castro  Neto  predict  about  a  1%  increase  for  the  Curie  temperature  of  a  dirty 
system  with  a  small  amount  of  dissipation  compared  to  the  Curie  temperature  of  a 
dirty  system  without  dissipation  (i.e.,  no  disorder).  No  increase  is  expected  for  the 


44 


Curie  temperature  of  a  clean  system  with  a  small  amount  of  dissipation  compared 
to  a  clean  system  without  any  dissipation.  The  increase  of  the  magnetism  due  to 
diffusion  appears  to  be  important  in  the  2D  MOSFET  problem  also  [24].  One  final 
note  concerning  the  Curie  temperature  enhancement  involves  the  importance  of  the 
topological  term  in  the  competition  between  the  dissipative  and  topological  terms. 
If  a  diffusive  system  has  no  topological  term,  then  Tc  is  rapidly  suppressed  and 
a  slight  increase  in  Tc  is  not  predicted.  To  summarize  the  behavior  of  the  Curie 
temperature  between  the  ballistic/diffusive  electrons  and  the  existent/non-existent 
topological  term,  a  figure  taken  from  Silva  Neto  and  Castro  Neto  is  provided  on 
page  45  [137]. 

Resistivity  measurements  should  provide  insight  into  whether  or  not  a  system 
is  in  the  ballistic  or  diffusive  case.  Silva  Neto  and  Castro  Neto  state  that  ballistic 
electrons  have  an  infinite  mean  free  path  while  diffusive  electrons  have  a  finite 
mean  free  path.  Thus,  4  >  4  where  ^(b,d)  represent  the  (ballistic,  diffusive) 
electrons  respectively.  Since  the  resistivity,  p,  is  inversely  proportional  to  the  mean 
free  path  [7],  then  one  would  expect  the  resistivity  for  a  diffusive  system  to  be 
larger  than  the  resistivity  for  a  ballistic  system.  Thus,  not  only  will  magnetic 
susceptibility  measurements  be  performed  on  UCu2Si2_iGei  compounds,  but  also 
resistivity  measurements. 

In  summary,  disorder  along  with  the  competition  between  the  RKKY  in- 
teraction and  the  Kondo  effect  may  lead  to  NFL  behavior  in  UCu5_a;Nia;  due  to 
magnetic  clusters.  On  the  other  hand,  disorder  may  lead  to  electronic  diffusion  in 
ferromagnetic  UCu2Si2-iGe3;  and  possible  Curie  temperature  enhancement. 
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Figure  2-3:  Curie  temperature  predictions  by  Silva  Neto  and  Castro  Neto.  The 
Curie  temperature  Tc(%)/Tc(?yo  =  0)  as  a  function  of  dissipation,  r/o-  S  is  the  to- 
tal spin.  If  (5  =  1,  then  the  dissipation  is  in  the  balhstic  (clean)  regime  while  5  —  2 
gives  the  diffusive  (dirty)  regime.  The  bare  topological  constant  is  represented  by 
Co  and  as  Co  ^  0,  then  the  topological  term  disappears. 


CHAPTER  3 
EXPERIMENTAL  TECHNIQUES 

All  alloys  in  this  dissertation  were  created  by  an  arc-melting  technique.  In  or- 
der to  accurately  categorize  a  system  or  compound,  several  experimental  techniques 
must  be  employed.  The  first  experimental  technique  is  x-ray  diffraction  which 
confirms  whether  or  not  the  compound  formed  into  the  correct  crystal  structure. 
The  x-ray  pattern  is  also  used  to  determine  the  lattice  parameter  values  of  the 
fundamental  "building  block"  of  the  compound,  the  unit  cell.  After  confirmation 
of  the  correct  crystal  structure,  many  techniques  are  used  to  determine  the  correct 
thermodynamic  and  transport  properties  of  the  particular  sample.  These  tech- 
niques (in  no  particular  order)  include  direct  current  (dc)  magnetic  susceptibility, 
alternating  current  (ac)  magnetic  susceptibility,  dc  resistivity,  and  heat  capacity 
measurements.  All  techniques  and  measurements  previously  mentioned  will  be 
described  in  further  detail  below. 

3.1     Arc-Melting 

The  UCu5_xNia;  and  UCu2Si2-xGea;  systems  had  their  own  unique  preparation 
procedures.  The  general  idea  behind  the  arc-melting  process  will  be  discussed  first, 
followed  by  the  preparation  of  the  UCu5_a;Nia;  system  and  UCu2Si2-xGea;. 

The  arc-melting  process  is  based  upon  a  large  amount  of  current  (with  low 
voltage)  passing  through  a  tungsten  electrode  and  producing  an  electric  arc  in  Ar 
gas  that  runs  from  the  tungsten  tip  down  to  a  water  cooled  copper  hearth  inside  a 
vacuum-tight  chamber.  Arc-melting  is  ideal  for  melting  constituent  elements  with 
high  melting  points  together.  This  dc  apparatus  melts  the  elements  together  in  a 
zirconium-gettered  argon  atmosphere.  The  arc  strikes  the  zirconium  first  because 
zirconium  has  a  high  absorption  rate  for  certain  residual  gas  components  like 
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oxygen.  The  argon  atmosphere  is  used  because  argon  is  an  inert  gas  and  the  argon 
helps  raise  the  pressure  inside  the  vacuum  chamber  so  that  the  electric  arc  may 
be  struck.  Whenever  melting  elements  together  with  significantly  different  melting 
points,  the  general  principle  is  to  melt  the  element  with  the  lower  melting  point 
first  and  then  draw  the  higher  melting  point  elements  into  the  molten  element.  In 
this  respect,  the  mass  loss  of  the  lower  melting  point  element  is  minimized.  This 
arc-melting  process  is  very  similar  to  tungsten  inert  gas  (TIG)  welding. 

The  arc-melting  of  the  UCus-^rNi^  involves  the  melting  of  three  constituent 
elements.  The  uranium  and  nickel  have  similar  melting  points  and  vapor  pressures. 
The  copper  has  the  lowest  melting  point  and  the  highest  vapor  pressure.  Thus, 
excess  copper  (~  0.5%  of  the  total  Cu  mass)  was  added  to  each  UCus-xNij; 
sample  to  account  for  the  copper  loss.  Each  UCus-iNia;  sample  was  arc-melted 
three  to  four  times.  After  each  melt,  the  sample  bead  was  flipped  over  to  insure 
homogeneity. 

The  effort  involved  in  the  arc-melting  of  the  UCu2Si2-xGei  compounds  was 
a  bit  more  intensive.  The  dilemma  in  arc-melting  the  UCu2Si2-xGea;  compounds 
came  from  the  explosive  nature  of  melting  two  semiconductors  together,  Si  and 
Ge,  along  with  the  electric  arc  thermally  shocking  the  formed  UCu2Si2-xGex 
lattice.  Two  techniques  were  employed  to  solve  these  problems.  First,  the  U,  Si, 
and  Ge  constituent  elements  were  melted  together  first  and  then  subsequently 
melted  together  a  minimum  of  at  least  six  times.  Second,  the  copper  element  was 
then  melted  into  the  U,  Si,  and  Ge  bead.  All  elements  were  melted  together  a 
minimum  of  six  times  to  insure  homogeneity.  The  second  technique  was  employed 
on  all  arc-melts  after  the  initial  one.  Instead  of  moving  the  electric  arc  directly 
from  the  zirconium  bead  to  the  UCu2Si2-xGea;  bead  (this  tended  to  blow  apart 
the  UCu2Si2-a;Gea;  bead),  the  electric  arc  was  moved  very  slowly  towards  the 
UCu2Si2-xGea;  bead.  Thus,  the  arc's  convection  and  radiant  heat  would  melt  the 
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UCu2Si2-xGei  bead  and,  before  the  arc  was  directly  over  the  UCu2Si2-iGe2;  bead, 
the  bead  would  be  molten.  These  techniques  were  used  in  the  production  of  all 
UCu2Si2-iGei  compounds. 

Excess  mass  amounts  of  Cu,  Si,  and  Ge  were  added  before  arc-melting.  U 
has  a  very  high  melting  point  and  low  vapor  pressure,  so  the  mass  loss  of  U  was 
assumed  to  be  negligible.  Cu  and  Ge  had  almost  identical  melting  points  and  vapor 
pressures,  so  the  mass  loss  of  Cu  and  Ge  was  assumed  to  be  equal.  The  melting 
point  of  Si  is  about  50%  higher  than  the  melting  points  of  Cu  and  Ge;  thus,  it  was 
assumed  that  the  mass  loss  of  Si  would  be  about  half  the  mass  loss  of  Cu  or  Ge. 

The  assumptions  above  were  taken  into  account  so  that  the  appropriate  extra 
masses  could  be  added  before  arc-melting.  Since  a  minimum  of  12  arc-melts  (as 
discussed  previously)  were  performed  on  each  UCu2Si2-xGei  sample,  all  melts 
would  "blow  away"  approximately  1.5%  of  the  total  Ge  mass  present,  0.50%  of  the 
total  Cu  mass,  and  about  5%  of  the  total  Si  mass  for  compounds  on  the  Ge  rich 
side.  Arc-melting  compounds  on  the  Si  rich  side  would  result  in  a  loss  of  about  2% 
of  the  total  Si  mass,  5%  of  the  total  Ge  mass,  and  1%  of  the  total  Cu  mass.  Thus, 
depending  on  which  UCu2Si2-xGea;  compound  was  being  synthesized,  excess  Cu, 
Ge,  and  Si  was  added  according  to  the  above  conditions. 

One  final  technique  that  is  related  to  sample  preparation  and  arc-melting 
is  the  process  of  annealing.  The  purpose  of  annealing  is  to  eliminate  as  much 
disorder  as  possible.  All  UCug-xNi^  and  UCu2Si2-xGej  compounds  were  annealed. 
Annealing  involves  pieces  of  sample  being  wrapped  in  tantalum  foil  and  the 
wrapped  sample  is  sealed  in  a  quartz  tube  under  vacuum.  The  samples  are  placed 
in  ovens  for  an  experimentally  determined  time  such  that  the  mass  loss  remains 
acceptably  small  (<  0.5%  of  the  total  mass)  while  the  order  of  the  crystal  lattice  is 
improved.  The  order  in  the  lattice  may  be  checked  by  x-ray  diffraction. 
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3.2    X-Ray  Diffraction/Lattice  Parameter  Determination  from  X-Ray  Diffraction 

Lattice  parameter  values  can  play  an  important  part  in  determining  the  site 
occupation  of  atoms  in  a  crystal  structure  along  with  the  lattice  values  telling 
the  story  of  whether  or  not  the  lattice  expands  or  contracts  upon  the  doping  of 
a  certain  element.  For  example,  the  UCu5_iPdx  system,  which  crystallizes  in  the 
face-centered  cubic  (fee)  AuBes  structure,  shows  that  Pd  substitution  initially  goes 
onto  the  larger  Be  I  site  until  about  x  =  0.8  and  for  x  >  0.8,  the  Pd  atoms  also 
start  to  occupy  the  smaller  Be  II  sites  also.  This  was  seen  not  only  in  muon  spin 
rotation  (/xSR)  [92]  and  extended  x-ray-absorption  fine-structure  (EXAFS)  [15] 
measurements,  but  also  by  a  change  in  slope  of  the  lattice  parameter  values  at 
X  ?5i  0.8  [77]. 

The  present  study  is  similar  to  those  on  the  UCu5_xPdx  system.  Instead  of 
doping  larger  (relative  to  the  Cu  atom)  Pd  atoms  on  the  Cu  sites,  smaller  Ni  atoms 
will  be  doped  on  the  Cu  sites.  The  knowledge  of  the  lattice  parameter  values  at 
different  Ni  concentrations  is  imperative  to  gain  insight  on  which  copper  site  the  Ni 
atoms  are  found  (i.e.,  the  Be  I  or  Be  II  site). 

Lattice  parameters  are  calculated  from  x-ray  diffraction  patterns.  X-ray 
diffraction  was  run  on  a  Phillips  XRD  3720  machine  at  the  Major  Analytical  In- 
strumentation Center  (MAIC)  on  the  University  of  Florida  campus.  The  complete 
x-ray  diffraction  process  is  described  elsewhere  [119]. 

The  particular  machine  on  which  the  x-rays  were  generated  used  two  different 
wavelengths  of  radiation  [copper  Kai  =  1.54056  Angstrom  (A)  and  copper 
Ka2  =  1.54439  Angstrom  (A)].  Also,  the  intensity  of  the  ai  beam  was  twice 
as  great  as  the  a^  beam.  This  made  resolving  two  distinct  peaks  at  a  particular 
crystallographic  plane  sometimes  quite  difficult  since  the  ai  peak  would  conceal  the 
a2  peak. 
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The  typical  x-ray  pattern  was  generated  with  a  20  (degrees)  domain  from 
20°  to  120°  in  0.02°  steps  where  20  is  the  total  angle  by  which  the  incident  X- 
radiation  beam  is  deflected  by  a  lattice  plane.  Almost  all  measurements  had  a  one 
second  step  time  where  the  detector  on  the  x-ray  machine  moved  continuously 
through  a  0.02°  interval  in  one  second.  The  reason  for  such  a  long  total  scan  time 
(~  90  minutes)  was  to  obtain  good  resolution  around  the  high  angle  x-ray  peaks 
(>  80°). 

The  Phillips  XRD  3720  machine  operation  was  controlled  with  a  computer 
interface.  Once  the  x-ray  process  was  complete,  the  computer  would  generate  a 
list  of  peaks  from  the  x-ray  pattern.  The  computer  found  the  peaks  at  a  respective 
20  value  by  finding  the  minimum  of  the  2nd  derivative  of  the  peak  (i.e.,  where  the 
change  in  the  slope  on  the  x-ray  pattern  is  least). 

Once  the  peaks  along  with  their  particular  20  values  are  found  via  the  com- 
puter, lattice  parameter  determination  may  begin  in  earnest.  The  easiest  way 
to  explain  the  lattice  parameter  calculation  [107]  is  by  using  an  example.  The 
UCu5_iNi:j  system  will  be  the  example.  Since  the  UCus-^Nix  system  forms  in 
the  cubic  AuBes  crystal  structure,  this  system  has  very  high  symmetry  and  the 
perpendicular  distance  between  two  parallel  lattice  planes,  d,  may  be  written  in 
terms  of  the  Miller  indices  (hkl)  of  the  plane  [119]: 

dt^w)  -  ^p^r^  (3.1) 

where  lattice  parameter  value,  a,  is  the  side  of  the  cubic  crystal  one  is  calculating 
and  the  Miller  indices  are  defined  as  the  coordinates  of  the  shortest  reciprocal 
lattice  vector  normal  to  a  lattice  plane,  with  respect  to  a  specified  set  of  primitive 
reciprocal  lattice  vectors  (e.g.,  a  plane  with  Miller  indices  h,k,l  is  normal  to  the 
reciprocal  lattice  vector  hbi  +  kb2  +  lbs)    [7]. 
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The  inter-plane  distance,  d,  is  related  to  half  the  total  angle  by  which  the 
incident  X-radiation  beam  is  deflected,  0,  by  the  well  known  Bragg  condition  [7]: 

nA  =  2dsin^  (3.2) 

where  n  is  a  positive  integer  and  A  is  the  wavelength  of  the  incident  radiation 
beam.  If  one  combines  Eq.  3.1  and  Eq.  3.2  and  assumes  that  n  =  1,  then  'a'  may 
be  written  in  terms  of  A,  9,  and  (hkl): 


Av^h^+k^  +  P 

a  = 77-. — 7. •  (3.o) 

2sin^  ^      ' 

The  values  obtained  from  Eq.  3.3  will  be  the  ordinate  values  for  the  graphical 
extrapolation  method.  The  reason  'a'  cannot  be  obtained  directly  from  Eq.  3.3  is 
that  Eq.  3.3  would  require  0  to  equal  90°  and  20  would  be  180°,  which  is  physically 
impossible  for  the  XRD  machine.  If  26  were  180°,  this  would  mean  that  the 
source  and  detector  of  the  XRD  machine  were  located  at  the  same  position.  The 
detector  and  source  at  the  same  position  on  the  XRD  machine  is  not  possible.  The 
maximum  achievable  26  angle  by  the  XRD  machine  is  140°.  This  justifies  why  an 
extrapolation  method  is  needed  to  obtain  'a'.  - 

The  abscissa  values  used  in  the  graphical  extrapolation  method  take  into 
account  some  possible  sources  of  error.  The  function  to  be  used  for  the  x-axis 
values  is  advocated  by  Nelson  and  Riley  [107]:  ^(cos^6'/^  +  cos^6'/sin6').  This 
functional  form  takes  into  account  possible  errors  caused  by  absorption  and 
divergence  of  the  x-ray  beam. 

Before  the  'a'  values  can  be  graphed  against  the  functional  x-axis  form,  it  has 
to  be  determined  what  (hkl)  values  correspond  with  peaks  in  the  x-ray  pattern. 
Thus,  a  particular  0  value  may  be  linked  with  a  set  of  (hkl)  values.  Since  it  is 
known  that  UCus-xNix  crystallizes  in  the  AuBes  structure  [153],  a  theoretical 
crystal  pattern  can  be  calculated  with  known  information  [33,  155]  such  as  a  lattice 
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parameter  constant  (in  this  case,  used  the  known  UCus  value:  7.043  A  [155]),  space 
group  number  (216  for  UCus  structure),  and  atomic  positions  in  the  unit  cell.  This 
information  was  used  by  the  PowderCell  computer  program  to  provide  a  theoretical 
pattern  which  included  peaks  with  known  (hkl)  values.  A  visual  inspection  between 
the  theoretical  patterns  and  the  experimental  patterns  of  the  UCu5_a;Ni^  system 
could  link  peaks  with  particular  (hkl)  values  as  shown  in  Fig.  A-1  on  page  167  for 
UCu4Ni  annealed  14  days  at  750°C.  A  list  was  generated  with  (hkl)  values  and 
corresponding  20  values. 

Once  the  (hkl)  values  and  corresponding  26  values  are  obtained,  the  'a' 
values  and  x-axis  values  may  be  obtained  from  Eq.  3.3  and  the  Nelson-Riley  error 
function  respectively.  A  graph  plotting  the  'a'  values  versus  the  corresponding 
error  function  values  for  annealed  UCu4Ni  is  shown  in  Fig.  A-2  on  page  168.  The 
values  when  plotted  should  show  that  the  extrapolation  hne  has  a  negative  slope. 
The  reason  behind  this  negative  slope  is  because  all  the  sources  of  error  lead  to 
high  values  of  9  and  so  to  low  values  of  the  lattice  parameters  [119].  It  should  be 
stressed  here  that  it  is  very  important  to  have  as  many  (hkl)  values  with  26^°  values 
greater  than  80°  as  possible.  The  importance  comes  fi-om  the  fact  that  d  values 
close  to  90°  give  Nelson-Riley  functional  values  close  to  zero,  insuring  that  the 
extent  of  extrapolation  is  not  large  [119]. 

The  graphical  extrapolation  method  is  an  excellent  technique  for  determining 
lattice  parameter  values  on  a  highly  symmetric  system  such  as  UCus-^rNi^.  The 
error  in  the  lattice  parameter  values  as  will  be  seen  later  for  the  unannealed 
and  short  term  annealed  UCus-^^Ni:,  compounds  is  on  the  order  of  10~^  A.  This 
error  may  be  improved  upon  by  running  a  cubic  Silicon  standard  along  with  the 
respective  experimental  compound  or  by  running  the  Silicon  standard  alone  to 
determine  the  offset  in  the  XRD  machine.  The  latter  process  was  done  for  this 
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dissertation.  The  determination  of  lattice  parameter  values  has  been  facilitated 
greatly  by  the  advent  of  computers  with  software  such  as  Jade. 

3.3     Magnetic  Susceptibility 

Magnetic  susceptibility  measurements  were  used  to  measure  the  low  tem- 
perature magnetization  of  the  UCu5_a;Nix  and  UCu2Si2-xGe3;  samples.  The 
susceptibility  measurements  were  taken  with  two  superconducting  quantum  in- 
terference devices  (SQUIDs):  an  MPMS-5S  [can  measure  with  a  magnetic  field 
from  0  to  5  Tesla(T)]  and  an  MPMS  XL  (measures  up  to  7  T)  machine,  both  made 
by  Quantum  Design.  Both  machines  could  take  magnetization  measurements  in 
the  temperature  range  from  2  K  to  300  K.  The  MPMS  XL  machine  only  had  the 
capability  to  measure  dc  magnetic  susceptibility  while  the  MPMS-5S  machine 
could  measure  both  ac  and  dc  magnetic  susceptibility.  Alternating  current  and  dc 
magnetic  susceptibility  measurements  will  be  discussed  below. 
3.3.1     DC  Magnetic  Susceptibility 

Direct  current  magnetic  susceptibilities  are  usually  made  in  1  kiloGauss  (kG) 
magnetic  fields.  If  the  signal  of  the  sample  is  comparable  to  the  signal  of  the 
addenda  (i.e.,  the  plastic  straw  that  holds  the  sample),  then  a  1  T  magnetic  field 
may  be  used  so  that  the  sample's  signal  is  dominant  over  all  other  signals. 

Direct  current  magnetic  susceptibility  measurements  are  based  upon  the 
principles  of  Lenz's  Law.  The  sample  is  magnetized  by  a  1  kG  magnetic  field  and 
the  magnetic  moment  as  a  function  of  temperature  of  the  sample  is  measured  [94]. 
The  magnetic  susceptibility  is  determined  by  the  following  ratio:  x  —  M/H.  The 
magnetic  moment  is  measured  by  induction  techniques.  The  inductive  measure- 
ments are  done  by  moving  the  sample  relative  to  a  set  of  superconducting  pickup 
coils  and  the  SQUID  instruments  measure  the  current  induced  in  superconducting 
pickup  coils.  The  sample  is  typically  moved  4  cm  through  the  superconducting 
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pickup  coils  while  48  data  points  are  taken  during  the  sample's  movement  to  pro- 
duce the  magnetization  curves.  The  sample  is  moved  through  the  coils  four  times 
and  the  average  of  the  four  measurements  is  reported  for  a  particular  temperature. 

Not  only  is  the  dc  magnetization  measured  at  various  temperatures  in  a 
constant  magnetic  field,  but  also  the  dc  magnetization  is  measured  in  different 
magnetic  fields  at  a  constant  temperature.  The  magnetization  versus  field  curves 
are  typically  generated  at  the  lowest  possible  temperature  (2  K).  The  MPMS  XL  is 
a  particularly  good  machine  for  this  type  of  measurement  since  it  has  a  secondary 
impedance  line  that  can  maintain  low  temperatures  continuously  over  an  extended 
period  of  time  (on  the  order  of  about  12  hours). 
3.3.2    AC  Magnetic  Susceptibility 

Unlike  dc  magnetic  susceptibility  measurements  where  the  sample  moment  is 
constant  during  measurement  time,  ac  magnetic  susceptibility  measurements  for 
the  MPMS-5S  machine  use  a  small  ac  drive  magnetic  field  that  is  superimposed 
on  the  dc  magnetic  field,  causing  a  time-dependent  moment  in  the  sample.  Alter- 
nating current  measurements  do  not  require  sample  motion  (as  for  the  dc  case) 
since  the  field  of  the  time-dependent  moment  induces  a  current  in  the  supercon- 
ducting pickup  coils.  The  measurements  are  usually  made  in  a  narrow  frequency 
band,  the  fundamental  frequency  of  the  ac  drive  magnetic  field.  The  ac  suscepti- 
bility measurements  in  this  dissertation  were  made  at  three  different  frequencies: 
9.5  Hertz  (Hz),  95  Hz,  and  950  Hz.  These  three  frequencies  stayed  within  the 
frequency  range  of  the  MPMS-5S  machine  and  avoided  any  integer  multiples  of  the 
frequency  of  a  common  electrical  outlet  (60  Hz). 

Alternating  current  magnetic  susceptibility  measurements  yield  two  quantities: 
the  magnitude  of  the  susceptibility,  x,  and  the  phase  shift,  0  (relative  to  the  ac 
drive  magnetic  field).  This  phase  shift  comes  from  the  fact  that  the  magnetiza- 
tion of  the  sample  may  lag  behind  the  ac  drive  magnetic  field  [94].  In  terms  of 
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complex  notation,  the  ac  susceptibility  measurements  provide  an  in-phase,  or  real, 
component  x'  and  an  out-of-phase,  or  imaginary,  component  x"-  The  ac  magnetic 
susceptibility  measurements  on  certain  UCus-iNix  samples  were  used  to  determine 
the  antiferromagnetic  phase  transition  temperature,  TNeei,  for  each  compound. 
A  peak  in  the  real  component  of  the  ac  magnetic  susceptibility  indicated  the 
antiferromagnetic  phase  transition. 

3.4     Cryogenics 
The  remaining  two  experimental  techniques,  dc  resistivity  and  heat  capacity, 
are  primarily  measured  in  a  temperature  range  from  300  milliKelvin  (mK)  to  about 
10  K.  In  order  to  achieve  such  low  temperatures,  one  must  make  use  of  liquid 
nitrogen  and  hquid  helium. 

The  probe  that  is  used  to  measure  either  low  temperature  resistivity  or  specific 
heat  is  first  cooled  down  to  the  boiling  point  of  liquid  nitrogen  (~  77.4  K  [54]). 
The  probe  is  then  quickly  lifted  out  of  the  liquid  nitrogen  and  placed  in  a  Dewar,  a 
vacuum  insulated  flask.  The  Dewar  is  then  filled  with  liquid  helium,  which  boils  at 
4.2  K.  After  a  couple  of  hours,  the  inside  of  the  probe  is  cooled  down  to  4.2  K. 

Helium  4  can  be  cooled  to  below  its  boiUng  temperature  by  reducing  the 
pressure  inside  the  Dewar  to  below  atmospheric  pressure.  In  fact,  using  the 
combination  of  a  large  vacuum  pump  and  blower,  a  pumped  bath  of  liquid  helium  4 
can  cool  a  probe  down  to  about  1.1  K.  If  liquid  helium  4  is  cooled  below  its 
transition  temperature,  or  "lambda  point"  (~  2.17  K  [54]),  then  the  hehum  4  starts 
to  become  a  superfiuid  helium  4  that  behaves  as  if  it  had  no  viscosity,  i.e.,  it  can 
flow  through  tiny  holes.  Also,  the  superfiuid  helium  4  has  no  entropy  and  it  flows 
into  a  heated  area  to  cool  that  area  and  restore  the  uniform  mixture  of  normal 
and  superfiuid  helium  4.  This  last  physical  property  of  superfiuid  helium  4  allows 
the  temperature  of  the  probe  to  be  stable  enough  such  that  resistivity  or  specific 
heat  may  be  measured.  A  full  dewar  of  helium  4  in  the  lab  that  has  a  vacuum 
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pump/blower  attached  to  it  can  maintain  a  low  temperature  of  1.1  K  for  about  12 
to  16  hours. 

In  order  to  achieve  a  temperature  lower  than  about  1.1  K,  helium  3  needs  to 
be  used.  Helium  3  boils  at  3.2  K  [at  1  atmospheric  pressure  (atm)]  [54].  Helium  3 
is  inserted  as  a  gas  into  the  probe  and  due  to  its  rarity,  helium  3  is  trapped  inside 
the  probe  so  that  it  may  be  reused.  Once  the  probe  is  cooled  down  to  1.1  K  with 
the  superfluid  helium  4,  the  helium  3  gas  is  condensed  by  coming  into  contact 
with  the  1.1  K  probe  and  the  helium  3  collects  in  the  helium  3  pot.  The  low 
temperatures  down  around  300  mK  are  achieved  by  reducing  the  vapor  pressure 
of  the  collected  liquid  helium  3  by  using  the  internal  sorption  pump  (i.e.,  charcoal 
on  the  end  of  a  long  rod)  [66].  The  sorption  pump  is  "turned  on"  by  lowering 
the  charcoal  into  the  vicinity  of  the  helium  3  pot.  This  cools  down  the  "warmed" 
charcoal  to  below  20  K  since  the  charcoal  was  initially  at  the  top  of  the  probe.  The 
helium  3  liquid  is  pumped  on  by  the  sorption  pump  while  the  sample  (connected  to 
the  helium  3  pot  via  a  weak  thermal  link)  is  cooled  down  to  around  300  mK.  The 
probe  can  stay  down  at  such  a  low  temperature  for  about  three  to  four  hours  until 
all  the  liquid  helium  3  evaporates.  The  sorption  pump  is  then  turned  off  by  raising 
the  charcoal  in  the  probe  so  that  it  is  above  20  K  (i.e.,  above  the  ^He  level  in  the 
dewar)  which  desorbs  the  helium  3  gas  and  allows  the  helium  3  gas  condensation 
cycle  to  start  over  again. 

3.5     Probes 

In  the  above  discussion  concerning  cryogenics,  the  generic  term  probe  has 
been  used.  In  reality,  two  kinds  of  probes  were  used  in  the  lab.  One  probe  had  a 
helium  4  pot  which  did  not  require  the  entire  Dewar  to  be  vacuum  pumped  upon. 
The  second  type  of  probe  had  no  helium  pot  and  pumping  upon  the  Dewar  was 
imperative  to  achieve  a  temperature  around  1.1  K. 


A  probe  with  a  helium  4  pot  has  its  cross  section  inside  the  vacuum  can 
shown  in  Fig.  3-1  on  page  58  [71].  The  vacuum  can  is  mounted  on  the  flange's 
probe  with  a  brass  taper  joint  seal  that  is  lightly  coated  with  silicone  high  vacuum 
grease,  preventing  the  superfluid  helium  4  to  penetrate.  The  sample  platform  at  the 
bottom  is  connected  to  a  copper  block  and  a  thermally  conducting  grease  is  used 
so  that  the  temperature  gradient  between  the  copper  block  and  sample  platform  is 
minimal.  The  other  side  of  the  copper  block  is  connected  to  a  helium  3  pot  with  a 
brass  thermal  link  and  large  diameter  Cu  wires  (not  shown  in  Fig.  3-1)  run  from 
the  copper  block  to  the  helium  3  pot  for  improved  thermal  conductivity  .  These 
connections  allow  the  sample  platform  to  reach  low  temperatures  of  300  mK  once 
the  sorption  pump  is  turned  on  by  lowering  the  charcoal  inside  the  pumping  line  for 
the  hehum  3  pot  in  Fig.  3-1. 

Once  the  helium  3  cryostat  in  Fig.  3-1  on  page  58  is  placed  in  a  Dewar  and 
allowed  to  reach  normal  hquid  helium  temperature  (~  4.2  K),  the  helium  4  pot 
may  be  pumped  upon,  which  allows  the  helium  3  gas  to  condense.  As  the  probe  is 
cooling  down  inside  the  Dewar,  a  line  connecting  the  helium  4  pot  and  the  helium  4 
bath  inside  the  Dewar  is  open  so  that  the  helium  4  pot  may  be  filled  with  liquid 
helium  4.  Once  the  probe  cools  down  to  around  4.2  K,  the  temperature  is  lowered 
further  by  closing  the  capillary  linking  the  helium  4  pot  and  the  helium  4  bath 
with  a  needle  valve  and  then  connecting  an  external  vacuum  pump  to  the  pumping 
line  connected  to  the  helium  4  pot.  Thus,  the  liquid  helium  4  inside  the  helium  4 
pot  is  just  pumped  on  instead  of  the  entire  helium  4  bath  inside  the  Dewar.  The 
germanium  thermometer  close  to  the  sample  platform  in  Fig.  3-1  registers  a  low 
temperature  of  about  1.6  K  after  the  helium  4  pot  has  been  pumped  on  for  ~  20-30 
minutes.  '      ■        '"     '■'■ 

The  other  important  aspect  to  the  helium  3  probe  concerns  the  wiring  for  the 
electronics  to  measure  DC  resistivity  and  specific  heat.  The  wires  come  from  the 
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Figure  3-1:  Cross-section  of  a  helium  3  probe.  This  simplified  cross-section  con- 
tains a  helium  4  pot.  Such  a  probe  is  able  to  achieve  a  low  temperature  around 
300  mK. 
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top  of  the  probe  and  run  down  the  pumping  line  for  the  vacuum  can  in  Fig.  3-1. 
The  wires  from  the  top  of  the  probe  are  soldered  to  the  copper  block  above  the 
helium  4  pot.  The  copper  block  is  in  temperature  equilibrium  with  the  Dewar's 
helium  4  bath  by  the  copper  heat  sink  in  Fig.  3-1.  The  wkes  on  the  top  copper 
block  in  Fig.  3-1  are  then  usually  connected  to  the  copper  block  right  above  the 
sample  platform  by  more  wires  wrapped  around  the  helium  3  and  helium  4  pots 
and  secured  to  these  pots  with  General  Electric  (GE)  varnish  7031  (a  good  thermal 
conductor).  The  reason  for  the  wires  not  running  from  the  top  of  the  probe  directly 
to  the  copper  block  above  the  sample  platform  concerns  the  amount  of  heat  that 
would  be  transferred  from  the  top  of  the  probe  which  is  at  room  temperature.  The 
intermediate  copper  block  connections  allow  the  heat  flow  to  be  minimized. 

The  actual  wires  that  are  used  in  the  helium  3  probe  are  either  #40  gauge 
copper  or  #40  gauge  manganin  wires.  Either  type  of  wire  is  insulated  and  requires 
friction  (from  sandpaper  or  an  eraser)  to  remove  the  insulation.  The  difference 
between  copper  and  manganin  wires  is  that  manganin  wire  is  about  30  times  more 
electrically  resistive  than  copper  wire  [71].  The  higher  electrical  resistivity  of  the 
manganin  wires  is  associated  with  less  heat  being  transferred  from  the  top  of  the 
probe.  Thus,  manganin  wires  should  be  used  for  low  current  loads  while  copper 
wires  are  used  for  high  current  loads.  The  wiring  in  the  probe  is  composed  of  pairs 
of  the  same  type  of  wiring  twisted  around  each  other  so  that  the  electrical  noise  is 
reduced.  '  -: 

The  probe  without  the  helium  4  pot  has  the  exact  same  configuration  as  in 
Fig.  3-1  except  for  the  helium  4  pot  and  the  pumping  line  for  the  liquid  helium  4. 
The  Dewar  itself  may  be  thought  of  as  the  helium  4  pot  for  the  case  of  the  probe 
without  the  helium  4  pot. 
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3.6     DC  Resistivity 
Direct  current  electrical  resistivity  is  based  upon  an  equation  derived  from  the 
Drude  model  for  electrical  conduction  [7]: 

AR 


P 


(3.4) 


where  p  is  the  electrical  resistivity  that  is  being  solved  for,  A  is  the  cross  sectional 
area  of  the  resistivity  bar  being  measured,  and  L  is  the  distance  between  the 
voltage  wires.  The  electrical  resistivity  was  measured  using  a  standard  four  wire 
technique  that  is  discussed  below. 

The  first  part  of  the  four  wire  technique  involves  making  resistivity  bars.  The 
standard  way  of  making  resistivity  bars  involved  cutting  the  particular  sample 
with  a  diamond  saw.  The  diamond  saw  could  cut  resistivity  bars  with  rectangular 
cross  sectional  areas  that  had  dimensions  on  the  order  of  thirty  thousandths  of  an 
inch.  Another  way  to  produce  resistivity  bars  that  avoids  possible  microcracks  in 
the  bars  is  the  "sucker"  method.  The  sucker  method  is  done  while  arc-melting. 
The  idea  behind  the  sucker  method  is  that  while  the  arc  has  a  sample  in  its 
molten  state,  a  pressure  difference  between  the  arc-melter  chamber  and  an  external 
chamber  on  the  sucker  apparatus  has  enough  force  to  push  down  the  molten  sample 
into  a  square  cross  sectional  copper  area.  The  copper  area  is  water  cooled,  so  the 
molten  sample  should  quench  as  a  square  resistivity  bar  ideally.  A  sucker  produced 
resistivity  bar  on  a  UCu4Ni  sample  will  be  discussed  later  on  in  this  dissertation. 

Once  the  resistivity  bars  are  made,  four  platinum  wires  need  to  be  attached 
to  each  bar.  The  platinum  wires  have  a  diameter  of  0.002  inches  and  a  purity  of 
99.95%.  There  are  two  methods  to  attach  these  platinum  wires  to  a  resistivity 
bar.  One  method  is  to  use  EPO-TEK  H31LV  silver  epoxy  to  "glue"  the  platinum 
wires  onto  the  resistivity  bar.  The  only  problem  with  this  method  is  that  extra 
resistance  is  added  to  the  measurement  with  the  resistance  of  the  silver  epoxy 
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and  possible  oxide  barriers  on  the  surface  of  the  sample.  The  second  method  of 
attachment  was  used  in  this  dissertation.  It  involved  spot  welding  the  four  wires 
onto  the  resistivity  bar.  Spot  welding  minimized  the  contact  resistance.  The 
four  wires  should  be  spot  welded  on  the  same  face  of  the  resistivity  bar  with  two 
wires  on  one  end  of  the  bar  and  the  other  two  wires  on  the  opposite  end.  The 
two  outside  platinum  wires  are  the  current  leads  while  the  two  inside  platinum 
wires  are  the  voltage  leads.  The  resistivity  bar  is  then  attached  to  a  piece  of  non- 
electrically  conducting  compensated  silicon  with  GE  varnish  7031.  The  varnish 
is  a  good  thermal  conductor  and  a  poor  electrical  conductor.  The  four  platinum 
wires  are  attached  to  the  silicon  base  with  silver  epoxy  and  there  is  some  slack  in 
the  platinum  wire  between  the  resistivity  bar  and  silver  epoxy  to  account  for  the 
contraction  at  low  temperatures.  The  silicon  base  is  attached  to  a  low  temperature 
probe  with  a  thermally  conducting  grease  such  as  Apiezon  N  grease. 

The  low  temperature  resistivity  measurements  gather  the  resistance  of 
the  sample  at  a  particular  temperature.  The  resistance  in  Eq.  3.4  is  then  used 
to  calculate  the  resistivity.  One  can  see  from  Eq.  3.4  that  in  order  for  larger 
resistance  measurements  (hence,  larger  voltage  measurements  from  Ohm's  Law), 
one  should  maximize  the  distance  between  the  voltage  leads,  L,  and  minimize  the 
cross  sectional  area  of  the  resistivity  bar,  A.  This  helps  reduce  the  scatter  in  the 
resistance  measurements  (another  apparatus  that  would  help  reduce  the  scatter  is 
an  ac  resistance  bridge).  ^ 

The  resistance  measurements  are  automated.  An  HP  9000/300  series  computer 
controls  the  current  sources  and  voltmeters  taking  the  measurements.  The  scatter 
in  the  resistivity  measurements  is  reduced  two  ways.  One  way  is  to  measure  the 
resistivity  in  one  current  direction  and  then  reverse  the  current  to  measure  the  re- 
sistivity in  the  opposite  direction.  The  average  of  these  two  absolute  values  should 
eliminate  any  (e.g.,  thermoelectric)  offset  in  the  voltmeter  taking  measurements. 
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A  second  procedure  should  eliminate  the  effect  of  any  drift  in  the  voltmeter.  The 
computer  is  programmed  with  an  external  and  internal  loop  while  taking  resistance 
measurements.  The  internal  loop  reverses  the  polarity  of  the  current  as  described 
above  while  the  external  loop  dictates  how  may  times  the  internal  loop  should  be 
performed.  The  external  loop  averages  the  measurements  taken  by  the  internal 
loop.  Most  resistivity  measurements  in  this  dissertation  had  an  external  loop  value 
of  10  and  an  internal  loop  value  of  5. 

3.7    Specific  Heat 
Specific  heat  is  the  quantity  of  heat  needed  to  raise  a  unit  mass  of  sample  by 
a  unit  degree  of  temperature  while  keeping  the  property  x  (in  this  dissertation, 
pressure,  p)  constant  during  the  rise  of  temperature: 

a  =  hm  (^ 


Before  1968,  the  above  definition  was  used  in  a  technique  called  the  adiabatic 
method  [141]  to  measure  specific  heat.  The  adiabatic  method  added  a  pulse  of 
power  (dQ)  to  a  sample  and  the  temperature  rise  (dT)  in  the  sample  was  noted. 
A  couple  of  drawbacks  to  the  adiabatic  method  are  the  large  sample  size  needed 
to  minimize  the  effects  of  stray  heat  leaks  and  the  thermal  isolation  of  the  sample 
from  its  surroundings  [71]. 

In  1968,  Sullivan  and  Seidel  published  their  ac  heat  capacity  technique  [144]. 
The  ac  method  measures  small  samples  that  makes  use  of  a  commercially  available 
lock-in  amplifier.  The  strength  of  this  technique  is  its  ability  to  detect  very  small 
changes  in  heat  capacity  [141].  However,  a  drawback  to  this  ac  temperature 
calorimetry  is  in  measuring  the  absolute  value  of  the  specific  heat  of  a  sample.  This 
ac  method  usually  provides  only  a  relative  measurement  of  the  specific  heat  [71]. 

The  specific  heat  technique  used  in  this  dissertation  is  the  thermal  relaxation 
method  [9].  The  thermal  relaxation  method  was  constructed  from  the  solution  of  a 
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one-dimensional  heat-flow  equation  with  appropriate  boundary  conditions  [9]: 


dT  or 


(3.6) 


where  P  is  the  power  put  into  the  sample,  A  is  the  cross  sectional  area  of  the  wire 
linking  the  sample  platform  to  the  copper  block,  k  is  the  linking  wire's  thermal 
conductivity  and  the  heat  flows  along  the  z-axis.  The  solution  for  C  in  Eq.  3.6  is 
C  =  KTi  where  ri  is  the  time  constant  of 


T  =  To  +  ATe-*/^i 


(3.7) 


with  AT  =  T  -  To  and  Tq  is  the  copper  block  temperature. 

The  answer  above  is  interpreted  by  Fig.  3-2  on  page  64.  In  Fig.  3-2,  the 
sample  along  with  all  the  addenda  on  the  sapphire  (AI2O3)  platform  is  heated  a 
small  AT  above  the  copper  block  temperature  To,  by  means  of  power,  P,  flowing 
through  the  platform  heater.  Once  the  power  is  turned  off  on  the  heater,  the 
temperature  of  the  sample  and  platform  decay  exponentially  as  in  Eq.  3.7  with 
time  constant,  ri,  through  the  linking  wires.  The  time  constant,  ti,  is  determined 
using  computer  analysis  of  the  temperature  decay.  By  knowing  the  thermal 
conductance,  k,  of  the  linking  wires,  one  may  determine  the  total  heat  capacity  of 
the  sample  and  platform.  If  the  addenda  are  known  as  in  Fig.  3-2,  then  one  may 
determine  the  heat  capacity  of  the  sample  by  subtracting  the  addenda  from  the 
total  heat  capacity.  All  components  of  the  addenda  will  be  discussed  in  detail  later 
on.  It  should  be  said  that  the  rise  in  temperature,  AT,  should  be  small  enough 
so  that  n  does  not  change  appreciably  between  Tq  and  Tq  +  AT  [141].  When 
performing  low  temperature  specific  heat  measurements,  AT  was  usually  around 
4%.  The  absolute  accuracy  of  the  thermal  relaxation  method  to  measure  specific 
heat  is  estimated  to  be  5%  [71],  which  is  verified  by  measuring  the  known  specific 
heat  of  a  high  purity  standard,  e.g.,  Pt  or  Au. 
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Figure  3-2:  Schematic  diagram  outlining  the  thermal  relaxation  method.  The  ther- 
mal relaxation  method  is  used  for  the  specific  heat  measurements.  The  addenda 
is  composed  of  the  sapphire,  the  germanium  chip  thermometer,  EPO-TEK  H31LV 
silver  epoxy,  1/3  of  the  linking  wires,  and  thermal  grease.  The  linking  wires  are  the 
four  Au-Cu  wires  connecting  the  sample  platform  to  the  copper  block. 


65 


(a.) 


Copper  Ring 


Silver  Pad 


Au-Cu  wires 


hermal  Epoxy 


copper  block  post 


(b.) 
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Figure  3-3:  An  overhead  and  bottom  view  of  the  mounted  sample  platform,  (a.) 
The  thermal  epoxy  used  was  a  two  component  Stycast  1266  epoxy.  The  copper 
block  post  connects  the  copper  ring  to  the  copper  block  as  shown  in  Figure  3-1. 
The  Au-Cu  wires  connecting  the  sample  platform  to  the  copper  ring  are  Au  with 
7%  Cu  to  provide  the  correct  magnitude  for  the  thermal  link, 
(b.)  The  evaporated  7%  Ti  and  93%  Cr  heater  is  a  thin  continuous  film  on  the 
bottom  of  the  sapphire  disk.  The  Ge  chip  thermometer  is  linked  to  the  silver  epoxy 
with  Au-Cu  wires. 
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In  Fig.  3-3,  two  views  of  the  sample  platform  are  shown.  The  Au-Cu  wires 
that  were  used  in  this  dissertation  were  Au-7%  Cu  wires.  These  wires  steady  the 
platform  on  the  sapphire  and  serve  as  electrical  contacts  and  thermal  links  to 
the  copper  ring  (hence  the  copper  block).  The  thermal  conductance  of  the  wires 
depends  on  several  factors.  The  first  factor  has  been  mentioned  indirectly,  the 
composition  of  elements  making  up  the  wires.  For  example,  Au-1%  Cu  wires  have 
a  thermal  conductance  seven  times  that  of  Au-7%  Cu,  while  Cu-2%  Be  has  a 
thermal  conductance  five  times  less  than  Au-7%  Cu.  The  second  factor  that  varies 
the  thermal  conductance  in  the  wires  is  the  diameter  of  the  wire.  The  specific 
heat  measurements  in  this  dissertation  used  0.003  inch  (in.)  diameter  Au-7%  Cu 
wires.  The  thermal  conductance  of  the  0.003  in.  diameter  wires  is  nine  times 
that  of  the  0.001  in.  diameter  wires  [141].  The  reasoning  behind  choosing  the 
0.003  in.  diameter  wires  is  that  0.001  in.  diameter  wires  are  a  little  too  fragile 
while  inserting  or  removing  the  sample  onto  or  off  of  the  sample  platform. 

The  Au-7%  Cu  wires  are  attached  to  the  copper  ring  in  part  (a.)  of  Fig.  3-3 
with  special  solder  (44%  In,  42%  Sn,  14%  Cd)  on  a  silver  pad.  The  silver  pad 
is  electrically  insulated  from  the  copper  ring  with  a  thermal  epoxy  (in  this  case, 
Stycast  1266  epoxy);  however,  the  thermal  epoxy  is  a  good  thermal  conductor.  The 
reason  for  using  the  special  solder  is  that  regular  solder  (composed  of  Pb  and  Sn) 
will  dissolve  the  Au-Cu  wires. 

The  sample  itself  is  mounted  on  the  "rough"  side  of  a  smaller  sapphire  disk. 
The  flat  part  of  a  sample  (for  improved  thermal  conductivity)  is  attached  to  the 
sapphire  disk  with  GE  7031  varnish.  Then,  the  "smooth"  side  of  the  sapphire  with 
the  sample  is  mounted  on  the  3/8  in.  sapphire  disk  in  part  (a.)  of  Fig.  3-3  with 
thermally  conductive  grease  (in  this  case,  Wakefield  grease)  [9].  Both  sapphire 
disks  are  pressed  firmly  together  to  allow  for  a  continuous  and  even  distribution 
of  thermally  conductive  grease  between  the  disks.  Before  each  measurement,  both 
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sapphire  disks  have  to  have  the  grease  cleaned  off  of  them  with  trichloroethane. 
The  mass  of  all  components  (sample,  GE  7031,  sapphire,  and  grease)  has  to  be 
known  for  accurate  specific  heat  values.  '  -;■>•'. 

The  platform  heater  in  part  (b.)  of  Fig.  3-3  is  composed  of  a  thin  film 
of  7%  Ti  and  93%  Cr  on  the  "rough  side"  of  the  3/8  in.  sapphire  disk.  This 
platform  heater  is  created  by  evaporating  a  Tio.07Cro.93  sample  onto  the  sapphire 
disk  with  evaporator  instrumentation.  The  resistance  of  this  platform  heater  is 
around  300  Ohms  (12)  [71]  and  the  resistance  remains  fairly  constant  with  varying 
temperatures. 

The  doped  germanium  chip  thermometer  (commercially  obtained  from 
Cryocal  or  Lakeshore  Cryotronics)  in  part  (b.)  of  Fig.  3-3  is  used  for  the  sample 
platform  thermometer.  The  reason  for  using  doped  germanium  was  that  its 
resistance  is  a  rapid  function  of  temperature  [141].  This  sensitivity  is  vital  for 
the  thermal  relaxation  method  since  the  increase  in  the  platform  temperature  at 
each  data  point  is  not  very  large  (~  4%).  The  calibration  of  the  germanium  chip 
thermometer's  resistance  versus  temperature  will  be  discussed  later  on. 

The  key  to  an  accurate  measurement  of  a  sample's  specific  heat  is  the  proper 
subtraction  of  all  components  (i.e.,  the  addenda)  involved  in  the  thermal  re- 
laxation method.  As  mentioned  previously,  some  of  the  addenda  are  listed  in 
Fig.  3-2  on  page  64.  The  sapphire  disks  that  serve  as  the  sample  platform  have 
high  thermal  conductivity  (about  1  Watt  cm"^  K'^  at  T  =  4  K)  and  low  spe- 
cific heat  (2  fiJ  gram-i  R-^  at  T  =  2  K  and  6*0  «  1035  K)  [48].  The  platform 
heater  in  part  (b.)  of  Fig.  3-3  that  is  composed  of  Cro.07Tio.93,  which  has  a 
mass  <  0.01  mg,  is  assumed  to  have  a  negligible  contribution  to  the  specific  heat 
of  the  addenda  [71].  The  other  component  on  the  bottom  of  the  sample  platform 
next  to  the  platform  heater  is  the  germanium  resistance  thermometer  that  has  a 
specific  heat  value  of  0.018  //J/K  at  2  K  with  a  mass  of  3.8  mg  [71].  The  leads 
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attached  by  the  factory  to  the  germanium  resistance  thermometer  are  connected  to 
the  Au-7%  Cu  wires  by  means  of  H31LV  silver  epoxy.  The  silver  epoxy  is  a  source 
of  addenda  contribution.  For  example,  a  mass  of  0.63  mg  of  silver  epoxy  has  a 
specific  heat  value  of  0.12  //J/K  at  T  =  2  K  [71].  The  GE7031  varnish  and  Wake- 
field grease  also  add  to  the  addenda.  At  T  =  2  K,  the  Wakefield  grease  has  a  heat 
capacity  of  0.16  //J/K  for  a  mass  of  0.12  mg  [71].  The  final  component  of  the  ad- 
denda concerns  the  Au-7%  Cu  wires.  The  diameter  of  the  Cu  wires  not  only  has  to 
be  known  (0.003  in.),  but  also  the  length  of  the  four  wires  (each  wire  was  0.25  in. 
long)  as  shown  in  part  (a.)  of  Fig.  3-3  on  page  65.  Bachmann  et  al.  determined 
that  1/3  of  the  Au-7%  Cu  wire's  heat  capacity  should  be  included  as  addendum  [9]. 
At  T  =  2  K,  the  amount  of  addenda  for  1.5  mg  of  Au-7%  Cu  wires  is  0.044  //J/K. 
The  addenda  contribution  from  the  Au-7%  Cu  wire  rises  rapidly  with  temperature 
due  to  the  low  Debye  temperature  of  the  wires  (^d  ~  165  K  [141]).  The  tempera- 
ture range  (0.3  K  to  8  K)  at  which  the  specific  heat  was  measured  for  samples  in 
this  dissertation  avoided  too  large  an  addenda  contribution  from  the  Au-7%  Cu 
wires.  The  computer  programming  language,  HPBASIC,  used  temperature  depen- 
dent and  mass  dependent  polynomial  fits  for  each  addenda  contribution  mentioned 
above  in  order  to  provide  a  realtime  subtraction  for  the  heat  capacity  measured  at 
a  particular  temperature.  A  standard  piece  of  gold  was  measured  using  the  thermal 
relaxation  method  and  it  was  found  that  if  all  the  aforementioned  addenda  was  not 
subtracted  off,  then  the  specific  heat  of  gold  at  2  K  would  be  about  10%  too  high 
from  its  reported  standard  value  (~  5.001  mJmole"^  K~^  [13])    [71]. 

Once  the  cryostat  with  all  of  its  components  is  assembled,  the  cryostat  parts 
mentioned  above  need  to  be  interfaced  with  instrumentation  (i.e.,  voltmeters  and 
current  sources)  that  is  controlled  by  an  HP  9000/300  series  computer.  The  block 
thermometer  (i.e.,  a  resistor)  is  hooked  to  a  voltmeter  and  current  source  so  that 
resistance  (i.e.,  temperature)  values  may  be  obtained.  The  block  heater  (usually 


69 


made  up  of  a  bundle  of  manganin  wire)  which  controls  the  temperature  of  the 
block  thermometer,  the  copper  ring,  and  the  sample  platform  is  connected  to  a 
current  source  so  that  Joule  heating  may  raise  the  low  temperature  of  the  bottom 
of  the  cryostat.  The  platform  heater  that  provides  the  small  temperature  rise  to 
the  sample  platform  is  also  connected  to  a  current  source.  The  final  component 
concerns  the  germanium  chip  platform  thermometer  whose  resistance  is  very 
sensitive  to  small  temperature  changes.  The  platform  thermometer  is  half  of  one 
arm  of  an  ac  Wheatstone  bridge.  The  other  half  of  the  arm  is  connected  to  a 
variable  resistor  (i.e.,  a  resistance  box).  The  other  arms  of  the  ac  Wheatstone 
bridge  consist  of  two  known  resistors  (each  resistor  is  90  ki}).  The  platform 
thermometer  has  a  lock-in  amplifier  connected  across  it  to  provide  a  source  of  ac 
excitation  current  and  to  serve  as  a  null  detector  [9].  The  ac  excitation  current 
is  limited  by  the  self  heating  of  the  platform  thermometer.  The  other  reason  for 
using  the  lock-in  amplifier  is  to  increase  the  signal-to-noise  ratio  [141]  by  filtering 
out  noise  at  other  than  the  measurement  frequency  (~  2700  Hz)  [71].  The  lock-in 
amplifier  is  connected  to  the  HP  9000/300  series  computer  through  an  analog- 
digital  converter.  The  converter  digitizes  the  signal  from  the  ac  Wheatstone  bridge 
for  the  computer  during  specific  heat  measurements. 

Before  actual  specific  heat  values  are  measured,  proper  calibration  of  the  ger- 
manium chip  thermometer  has  to  be  performed.  The  ac  Wheatstone  bridge  is  used 
to  measure  the  platform  thermometer  resistance  at  a  known  block  temperature  on 
the  bottom  of  the  cryostat  [116].  The  reciprocal  of  the  platform  temperature,  T, 
is  then  fitted  to  a  polynomial  as  a  function  of  the  natural  logarithm  of  platform 

thermometer  resistance,  R: 
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where  n  =  4  was  used  in  the  cahbration.  Equation  3.8  is  then  used  (by  the  HP 
9000/300  series  computer)  to  interpolate  the  platform  thermometer  temperat 
value  using  the  resistance  value  experimentally  found. 

The  final  calibration  concerns  measuring  the  thermal  conductivity,  k,  of  the 
four  Au-7%  Cu  wires  in  Fig.  3-3  on  page  65.  The  thermal  conductivity,  k,  may 
be  written  in  terms  of  the  power,  P,  supplied  across  the  platform  heater  and  the 
associated  temperature  rise,  AT,  in  the  platform  thermometer: 


kAT. 


(3.9) 


If  one  starts  from  a  base  temperature,  Tq,  on  the  copper  ring  and  the  sample 
platform  in  part  (a.)  of  Fig.  3-3,  then  a  small  amount  of  known  current  is  sup- 
plied through  the  platform  heater  and  the  corresponding  voltage  drop  across  the 
heater  is  measured  in  order  to  determine  the  power,  P.  The  platform  thermometer 
resistance  is  determined  before  and  after  the  power  is  supplied  to  the  heater  so 
that  To  and  AT  are  known  from  the  germanium  platform  thermometer  calibration 
discussed  previously.  The  thermal  conductance  of  the  Au-Cu  wires  is  then  deter- 
mined using  Eq.  3.9  at  a  temperature  of  Tq  +  AT/2.  The  thermal  conductance 
of  the  wires  divided  by  temperature,  k/T,  may  be  written  as  a  power  series  of  just 
temperature  or  the  natural  logarithm  of  temperature 


^  =  J:a,p   (or)   ^  =  J2mmy 

i=0  i=0 


(3.10) 


where  n  =  4  was  usually  used  by  the  HP  9000/300  series  computer  to  find  an 
interpolated  conductance  value  at  a  particular  temperature.  The  advantage  of  the 
second  form  in  Eq.  3.10  is  that  the  same  conductance  equation  may  be  used  over  a 
larger  temperature  range  (30  mK  to  10  K)  while  the  first  form  is  usually  split  into 
a  low  temperature  equation  and  a  high  temperature  equation  where  1.3  K  is  the 
approximate  dividing  temperature.  " . 
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The  calibrated  thermal  conductivity  equation  is  then  checked  by  either 
measuring  pure  palladium,  platinum,  gold,  or  copper  and  comparing  to  known 
standard  specific  heat  values  of  the  aforementioned  elements  [13].  The  standard 
sample  used  in  this  dissertation  that  was  measured  to  check  the  conductance  values 
was  pure  platinum  (99.9985%  purity). 

A  problem  that  has  to  be  taken  into  account  when  measuring  specific  heat 
values  by  the  thermal  relaxation  method  is  known  as  the  "r2  effect."  The  T2 
effect  is  the  thermal  lag  between  the  sample  and  the  platform  [141].  The  T2  effect 
comes  from  large  thermal  resistance,  poor  conductivity  of  the  sample,  or  of  the 
sample-platform  contact  and  throws  the  temperature  decay  off  from  its  exponential 
shape  [71].  A  couple  of  procedures  exist  to  account  for  this  ra  effect.  First,  the 
temperature  decay  curve  should  be  composed  of  the  sum  of  two  exponential  curves 
like 

T(t)  =  To  +  Aexp  (~-\  +  Bexp  fy^  (3.11) 

where  T  is  the  temperature.  To  is  the  baseline  temperature,  t  is  time,  n  is  the  time 
constant  of  the  sample  and  addenda,  T2  is  the  second  time  constant  that  throws  the 
exponential  decay  off,  and  the  coefficients  A  and  B  are  determined  by  a  graphical 
fit  using  the  HP  9000/300  series  computer.  The  second  procedure  for  improving  the 
T2  effect  concerns  the  lock-in  amplifier.  The  signal  integration  time  should  be  set 
to  less  than  ri/40  for  a  better  T2  correction.  Not  only  is  the  rg  effect  less  smeared, 
but  also  a  transient,  which  causes  rounding  of  the  exponential  decay  curve  near  the 
beginning,  is  eliminated.  -   . 

When  the  actual  specific  heat  measurements  are  taken,  a  program  developed 
by  Dr.  Bohdan  Andraka  on  the  HP  9000/300  series  computer  controls  the  mea- 
surements. Once  all  known  addenda  masses  are  entered  into  the  computer,  the 
computer  first  prompts  the  user  for  the  base  temperature,  T,  at  which  both  the 
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block  thermometer  and  platform  thermometer  are  stabilized.  The  base  tempera- 
ture, T,  is  determined  by  varying  the  resistance  in  the  ac  Wheatstone  bridge  to 
match  the  resistance  of  the  platform  thermometer  using  the  lock-in  amplifier  as 
the  null  detector.  The  experimentally  determined  resistance  is  then  entered  into 
the  computer  so  that  the  platform  thermometer  temperature  is  interpolated  from 
the  calibrated  germanium  platform  thermometer  resistance.  The  computer  also 
"communicates"  with  the  current  source  and  voltmeter  to  determine  the  resistance 
of  the  block  thermometer  and  hence  the  temperature  of  the  block  thermometer 
using  a  calibration  curve.  The  computer  then  asks  for  the  amount  of  current  to 
supply  to  the  platform  heater  such  that  the  temperature  rise,  AT,  is  about  4% 
higher  than  T.  Since  the  time  constants  that  were  dealt  with  in  this  dissertation 
were  usually  under  ten  seconds,  the  new  platform  temperature  usually  became 
stable  in  under  one  minute.  The  variable  resistor  was  then  changed  to  determine 
the  new,  higher  platform  temperature.  After  the  higher  platform  temperature  was 
determined,  the  resistance  box  was  manually  turned  to  the  average  of  the  two 
determined  resistance  values  with  the  current  to  the  platform  heater  still  on.  The 
computer  then  would  perform  one  sweep  to  determine  the  temperature  decay  curve. 
This  sweep  entailed  the  computer  turning  off  the  current  to  the  platform  heater 
and  then  signal  averaging  4000  points  from  the  output  of  the  lock-in  amplifier  for 
the  platform  temperature  decay  curve.  The  platform  temperature  decays  down  to 
the  base  temperature.  The  4000  points  are  plotted  on  a  semilogarithmic  graph  (the 
distance  from  the  decay  curve  to  the  base  temperature  is  plotted  on  the  graph) 
and  a  least  squares  fit  is  used  to  determine  the  time  constant  value.  Multiple 
sweeps  may  be  performed  automatically  by  the  computer  and  signal  averaged  to 
improve  the  signal-to-noise  ratio.  Also,  the  computer  allows  the  user  the  option  of 
taking  into  account  the  rg  effect.  After  the  time  constant  value  is  determined,  the 
computer  outputs  the  correct  specific  heat  value  of  the  sample  after  subtracting 
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off  the  addenda  contributions.  Then,  more  current  is  supphed  to  the  block  heater 
such  that  the  next  specific  heat  value  may  be  determined  at  a  higher  temperature. 
A  couple  of  systematic  errors  one  needs  to  be  aware  of  that  might  show  up  as 
oscillations  in  the  base  temperature  concerns  changes  in  block  heater  current  (due 
to  electrical  pickup)  and  fluctuations  in  the  surrounding  liquid  helium  bath  [9]. 

Specific  heat  measurements  were  also  performed  in  magnetic  fields  (2  - 
13  T)  for  this  dissertation.  The  thermal  conductance  of  the  Au-7%  Cu  wires 
has  to  be  corrected  depending  upon  the  amount  of  magnetic  field  used.  The 
thermal  conductance  of  the  Au-7%  Cu  wires  decreases  approximately  linearly 
such  that  at  12  T,  the  thermal  conductance  of  the  Au-7%  Cu  wires  is  3%  less 
than  the  0  T  thermal  conductance  values  [120].  Also,  calibration  curves  have 
to  be  reconfigured  for  the  block  thermometer.  A  block  thermometer  calibration 
curve  has  to  be  constructed  for  every  magnetic  field  using  a  field  correction 
according  to  Naughton  et  al.  [106].  Some  drawbacks  to  measuring  in  magnetic 
fields  are  that  the  germanium  platform  thermometer  has  a  large  magnetoresistance 
p(18T)/p(0T)  ~  5.6  at  4.2  K  [141]  and  a  noise  problem  in  magnetic  fields  [71]. 

The  ease  of  specific  heat  measurements  has  been  facilitated  by  advancements 
in  technology.  In  fact,  Quantum  Design  sells  an  automated  specific  heat  measure- 
ment system  that  uses  thermal  relaxation  calorimetry  and  is  named  the  physical 
property  measurement  system  (PPMS)  [86].  It  will  be  mentioned  here  that  a  cou- 
ple of  UCu2Si2-xGei  samples  in  this  dissertation  had  their  heat  capacity  values 
measured  on  a  PPMS  at  LANL. 


CHAPTER  4 
UCu5_^Ni^  RESULTS  AND  DISCUSSION 

Nine  UCu5_a;Nia;  compounds  were  arc-melted  and  annealed  as  described  in 
the  "Experimental  Techniques"  chapter.  The  nine  compositions  were  x  =  0.5, 
0.6,  0.75,  0.8,  0.9,  1.0,  1.05,  1.1,  and  1.2.  The  "full  spectrum"  of  measurements 
was  performed  upon  the  UCug-^Ni^  system.  The  following  sections  contain 
lattice  parameter  measurements,  dc  electrical  resistivity  measurements,  ac  and  dc 
magnetization  measurements,  and  specific  heat  measurements  (in  zero  magnetic 
field  and  various  magnetic  fields).  The  development  of  the  NFL  behavior  in  the 
UCu5_j,Nia.  system  will  be  investigated  through  the  perspective  of  the  Griffiths- 
phase  disorder  model.  All  tables  in  this  chapter  are  found  at  the  end  of  the  chapter 
beginning  on  page  126.  ^,,       , 

4.1     Lattice  Parameter  Values  for  UCu5_a;Ni;^ 

The  lattice  parameter  values  for  the  nine  cubic  UCus-^^Ni^  compounds  are 
found  in  Table  4-1  on  page  126.  The  unannealed  and  annealed  (for  14  days  at 
750°C)  samples  that  had  their  lattice  parameter  values  reported  came  from  the 
same  arc-melted  bead.  The  arc-melted  bead  was  cut  in  half  with  a  diamond  wheel 
saw  and  half  the  bead  was  used  as  an  unannealed  sample  while  the  other  half  was 
annealed.  All  lattice  parameters  were  determined  using  the  graphical  extrapolation 
method  described  in  the  preceding  "Experimental  Techniques"  chapter. 

The  unannealed  and  annealed  lattice  parameter  values  are  shown  graphically 
in  Fig.s  4-1  and  4-2.  The  unannealed  UCus-^-Ni^.  compounds  show  no  signs  of 
a  change  in  the  slope  of  the  lattice  parameter  value  versus  Ni  concentration  as 
occurred  in  UCug-^Pd^  [160].    Annealing  the  UCug-^^Ni^  compounds  also  shows 
that  there  is  no  existence  of  preferential  occupation  by  Cu  or  Ni  as  occurred  with 
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Figure  4-1:  Lattice  parameter  values  for  unannealed  UCus-jNix  compounds.  The 
best  fit  line  is  for  the  nine  experimentally  determined  lattice  parameters  in  this 
dissertation  (represented  by  hollow  squares  while  the  vertical  lines  are  the  corre- 
sponding error  bars).  The  equation  for  the  best  fit  fine  is  as  follows:  a  =  7.04521  - 
0.06233  X.  The  UCus  value  (represented  by  a  hollow  circle)  is  taken  from  litera- 
ture [18]  and  it  was  an  unannealed  sample. 
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Figure  4-2:  Lattice  parameter  values  for  annealed  UCu5_a;Ni3;  compounds.  The 
best  fit  line  is  for  the  nine  experimentally  determined  lattice  parameters  in  this 
dissertation  (represented  by  hollow  squares  while  the  vertical  lines  are  the  corre- 
sponding error  bars).  The  equation  for  the  best  fit  line  is  as  follows:  a  =  7.03348 
0.05171  X.  The  UCus  value  (represented  by  a  hollow  circle)  is  taken  from  litera- 
ture [18]  and  it  was  an  unannealed  sample. 
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Pd  in  UCu5_xPd:r  [143].  In  fact,  the  annealing  just  sharpens  the  Vegard's  law 
behavior  (i.e.,  the  linear  behavior  of  the  lattice  parameters  as  a  function  of  Ni 
doping  since  all  compounds  form  in  the  same  crystal  structure).  The  difference 
in  the  goodness  of  fits  (i.e.,  the  standard  deviations)  between  the  best  fit  lines  for 
unannealed  (larger  standard  deviation)  and  annealed  UCus^^Ni^  lattice  parameters 
is  greater  than  a  factor  of  two  (the  best  fit  hues  are  seen  in  Fig.s  4-1  and  4-2). 
Virtually  all  nine  of  the  experimentally  determined  lattice  parameters  for  annealed 
UCu5_xNij;  lie  along  (within  their  error  bars)  a  straight  line  in  Fig.  4-2. 

Not  only  do  the  lattice  parameters  as  a  function  of  annealing  show  no  change 
in  the  order  of  the  UCug-^Ni^.  samples,  but  also  high  angle  x-ray  diffraction  lines 
provide  insight  into  the  order.  The  (7  3  1)  diffraction  line  occurs  at  ->  115.9° 
on  an  x-ray  diffraction  scan  as  seen  in  Fig.  A-1  on  page  167.  The  line  width  for 
the  (7  3  1)  peak  is  the  same  for  the  unannealed  UCu5_a;Ni^  compounds  and  the 
UCu5_j;Ni:r  compounds  annealed  at  750°C  for  14  days.  Thus,  short  term  annealing 
does  not  increase  the  order  of  the  UCus.a-Nij.  compounds,  contrary  to  what  was 
observed  for  UCu5_iPdx  [160]. 

The  lattice  parameters'  results  also  allow  one  to  make  a  few  comments 
regarding  the  occupation  of  atomic  positions  in  the  cubic  unit  cell.  In  order  to 
get  a  visual  representation  of  the  discussion  that  follows,  one  may  want  to  refer 
back  to  the  conventional  AuBcs  crystal  structure  in  Fig.  1-1  on  page  3  of  the 
"Introduction"  chapter.  The  lattice  parameter  results  show  that  the  4a  sites  in 
Fig.  1-1  are  occupied  by  the  U  atoms  as  occurred  in  UCus-iPd^,.  The  larger 
minority  sites  inside  the  unit  cell  (i.e.,  the  4c  site)  are  basically  occupied  by  the 
larger  Cu  atoms  (relative  to  the  Ni  atoms)  while  the  smaller  majority  sites  (the  16e 
sites)  inside  the  unit  cell  have  approximately  25%  of  the  Ni  concentration  located 
at  one  of  the  four  sites  in  the  unit  cell.  A  small  percentage  of  the  Ni  concentration 
does  occupy  the  4c  sites  even  for  the  annealed  cases.  The  exact  amount  would 
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have  to  be  determined  by  /^SR  and  EXAFS  measurements  as  was  done  for  the 
UCu5_a;Pd^  system  [15,  93].  This  is  in  stark  contrast  to  UCu5_xPd:j;  where  the 
Pd  atoms  (larger  than  the  Cu  atoms)  show  preferential  sublattice  ordering  as 
discussed  earlier  [143].  To  summarize,  the  4c  sites  inside  the  unit  cell  for  annealed 
UCu4Pd  have  a  >  80%  occupation  by  the  Pd  atoms  while  the  16e  sites  have  a 
less  than  5%  occupation  by  Pd  [16].  Thus,  the  partial  order  present  (along  with 
disorder)  in  the  UCu5_3;Pd:,  system  is  not  a  concern  in  the  UCus-^rNi^  system.  The 
lattice  parameters  in  Fig.s  4-1  and  4-2  reveal  this.  The  UCu5_:,Ni^  system  has  a 
higher  degree  of  disorder  than  the  UCu5_^Pd^  system  with  the  Ni  atoms  having 
a  much  greater  percentage  of  occupation  at  the  16e  sites  as  compared  to  the  Pd 
atoms  (~  25%  versus  <  5%).  The  lattice  parameter  results  also  show  that  clear 
distinctions  can  be  made  concerning  the  roles  of  quantum  criticality  and  disorder  in 
the  NFL  behavior  of  UCu5_2:Nii  without  the  worry  of  partial  order  as  occurred  in 
UCu5-.Pd,. 

The  lattice  parameter  values  are  used  to  determine  the  smallest  U-U  separa- 
tion in  the  lattice.  If  one  goes  back  to  Fig.  1-1  on  page  3  in  the  "Introduction" 
chapter,  one  may  determine  that  the  smallest  U-U  distance  is  ~  0.707a  (the  short- 
est distance  is  a  straight  line  from  a  corner  4a  site  to  a  nearest  face-centered  4a  site 
in  Fig.  1-1)  where  'a'  is  the  calculated  lattice  parameter  of  a  particular  UCug.^Ni^ 
sample.  The  smallest  lattice  parameter  value  is  for  unannealed  UCu3.8Nii.2  where 
a  =  6.97107  A  in  Table  4-1.  Therefore,  the  smallest  U-U  separation  is  ~  4.93  A. 
This  is  not  close  to  the  Hill  limit  of  3.5  A  [65]  where  if  the  distance  of  nearest  U-U 
separation,  du-u,  is  less  than  3.5  A,  then  the  /-electron  orbitals  of  uranium  in 
a  lattice  will  overlap  with  those  of  the  neighboring  U  ions  and  produce  itinerant 
/-electron  behavior  (i.e.,  non-magnetic  ordering),  li  du-u  >  3.5  A,  then  uranium 
/  electrons  (barring  strong  hybridization  effects)  are  locahzed  and  magnetic  [143]. 
As  one  will  see  in  the  specific  heat  section  of  this  chapter,  UCu3.8Nii.2  does  not 
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display  magnetic  ordering  down  to  ~  0.3  K.  Thus,  there  is  significant  /-electron 
hybridization  with  the  d-electron  orbitals  of  Cu  and  Ni  in  the  UCu5_^Ni:,  samples 
since  none  of  the  samples  in  this  dissertation  have  du-u  <  3.5  A.  This  is  consistent 
with  the  conclusions  drawn  by  Chakravarthy  et  al.  that  said  hybridization  was 
responsible  for  the  suppression  of  the  long  range  magnetic  order  in  UCu5_^Ni^  [22]. 
4.2    DC  Electrical  Resistivity  Results  for  UCu,q_.^Ni^ 

The  low  temperature  resistivity  results  for  the  select  UCus-^Ni^  samples 
that  were  measured  are  shown  in  Tables  4-2  and  4-3.  All  but  two  samples  were 
measured  down  to  ~  0.3  K  (using  helium  3  gas  as  described  in  the  "Experimental 
Techniques"  chapter).  The  other  two  samples  (UCu4Ni  and  UCu3.95Ni1.05,  both 
annealed  14  days  at  750°C)  had  their  resistivity  measured  down  to  0.060  K  using 
a  dilution  refrigerator  at  the  NHMFL  in  Tallahassee,  FL.  A  graph  summarizing 
the  resistivity  for  annealed  (14  days  750°C)  UCug-xNi^  samples  in  the  range 
0.9  <  X  <  1.2  along  with  unannealed  x  =  0.75  is  shown  in  Fig.  4-3. 
4.2.1     DC  Electrical  Resistivity  Discussion  for  UCu5_.^Ni.^ 

The  UCu5_2;Ni3.  results  in  Tables  4-2  and  4-3  show  large,  varying  residual 
resistivity,  po,  values.  This  was  expected  since  previous  literature  values  for 
UCu4Ni  were  sample  dependent  with  po  ranging  from  400  to  800  ^Q  cm  [89].  A 
UCu4Ni  resistivity  bar  was  produced  using  the  "sucker"  method  discussed  in  the 
"Experimental  Techniques"  chapter  to  investigate  whether  or  not  microcracks  in 
the  sample  were  the  cause  for  the  large  po  values.  An  example  of  microcracks  being 
the  cause  of  large  po  values  is  U2Co2Sn  where  an  arc-melted  U2Co2Sn  resistivity 
bar  gave  po  =  800 /xJ2  cm  [72]  while  a  "sucker"  produced  resistivity  bar  gave 
Po  =  60  pQ  cm  [143].  Thus,  the  sucker  method  for  U2Co2Sn  avoided  microcracks 
and  the  po  values  were  reduced  by  a  factor  of  ~  13.  Yet,  the  quenched  UCu4Ni 
resistivity  bar  (i.e.,  the  sucker  method)  in  Table  4-2  (page  127)  is  only  ~  30% 
lower  than  the  arc-melted,  unannealed  UCu4Ni  resistivity  bar.  Thus,  microcracks 
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Figure  4-3:  Low  temperature  normalized  resistivity  for  UCus-xNii  samples.  The 
UCu5_xNix  samples  were  annealed  14  days  at  750°C  and  have  Ni  concentrations  be- 
tween 0.9  and  1.2.  Also,  the  resistivity  for  unannealed  UCu4.25Nio.75  is  plotted.  The 
inset  shows  the  extreme  low  temperature  resistivity  values  for  annealed  UCu4Ni, 
UCu3.95Ni1.05,  and  UCua.gNii.i.  The  graph  legend  also  applies  for  the  inset.  The 
solid  lines  in  the  inset  are  high  temperature  best  ftt  power  law  lines  (that  yield 
minimum  x^  values)  showing  that  the  UCu4Ni  p  data  begin  to  deviate  from  the 
high  temperature  fit  line  around  0.992  K  while  the  UCu3.95Ni1.05  and  UCu3.9Nii.i 
p  data  deviate  from  the  hues  beginning  at  0.834  K  and  0.821  K,  respectively.  The 
absolute  accuracy  of  all  p  data  is  ~  5%. 


do  not  appear  to  be  the  major  cause  for  the  large  po  values  in  the  UCus-^Nix 
samples.  ^^  ^, 

One  column  in  Tables  4-2  and  4-3  that  may  provide  insight  into  the  cause  of 
the  behavior  of  the  resistivity  for  UCu5_xNii  samples  is  the  RRR  (i.e.,  the  residual 
resistivity  ratio)  column.  If  one  compares  the  RRR  values  of  the  UCus-xNia; 
samples  (annealed  14  days  750°C)  for  0.9  <  x  <  1.2,  one  sees  a  monotonic  increase 
in  RRR  as  the  Ni  concentration  increases.  This  trend  may  be  irrelevant  since 
the  RRR  values  for  all  short  term  annealed  (i.e.,  14  days  at  750°C)  UCu5_xNia; 
samples  is  below  1.0.  In  Rosch's  theoretical  work  on  the  interplay  of  disorder  and 
spin  fluctuations  near  a  QCP  [126],  he  defined  a  parameter  x  that  was  a  measure 
of  the  impurity  scattering.  1/x  is  equivalent  to  RRR  [143]  and  this  means  that 
all  UCu5_xNii  samples  have  an  x  value  greater  than  1.  Rosch  stated  that  x  =  0 
is  a  perfectly  ordered  sample  while  x  >  0.1  is  rather  disordered  [126].  Thus,  all 
UCu5_3;Nix  samples  that  were  annealed  for  14  days  at  750°C  are  significantly 
disordered  according  to  their  RRR  values. 

An  investigation  of  the  data  in  Tables  4-2  and  4-3  (on  pages  127  and  128) 
and  the  short  term  annealed  data  shown  graphically  in  Fig.  4-3  do  not  indicate 
any  significant  changes  brought  about  by  annealing  as  occurred  in  UCu4Pd  [160]. 
Annealing  UCu4Pd  reduced  the  residual  resistivity  by  a  factor  of  2.5  [160]  and  the 
A  value  (with  appropriate  units)  in  the  power  law  form  (po  +  AT'')  was  reduced 
by  a  factor  of  ~  10  (-6.3  to  -0.6  [143]).  Also,  a  large  change  in  the  qualitative 
behavior  of  the  resistivity  curve  was  brought  about  by  annealing  UCu4Pd.  In  the 
temperature  region  between  2  K  and  8  K,  the  annealed  UCu4Pd  resistivity  data 
was  fit  with  a  Fermi-liquid  expansion  p  -  p^  =  AT^  +  BT^  while  the  unannealed 
UCu4Pd  resistivity  data  showed  NFL  behavior  with  p  -  pr  oc  T  [160].  The 
UCus-iNii  equivalent  to  UCu4Pd,  UCu4Ni,  does  not  show  a  significant  reduction 
in  its  Po  value  with  annealing  (only  about  a  17%  decrease).  Also,  the  A  values  in 
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the  temperature  regions  of  2  K  and  10  K,  and  2  K  and  12  K  for  unannealed  and 
annealed  14  days  750°C  UCu4Ni  do  not  show  a  significant  difference  as  occurred  in 
UCu4Pd  (-5.52  for  unannealed  UCu4Ni  and  -5.03  for  annealed  UCu4Ni).  It  is  not 
just  the  UCu4Ni  sample  that  shows  this  lack  of  significant  change.  A  perusal  of  all 
UCu5_xNij:  samples  in  Tables  4-2  and  4-3  shows  that  short  term  annealing  causes 
no  significant  changes.  ..  ' 

Despite  the  extreme  sample  dependence  of  the  UCu5_xNix  system  which 
makes  any  trends  in  po  as  a  function  of  Ni  concentration  enigmatic,  a  few  trends 
in  the  short  term  annealed  UCus-iNix  samples  may  be  observed  in  Tables  4- 
2  and  4-3.  First,  the  absolute  values  of  A  for  the  low  temperature  fit  regions 
decrease  monotonically  as  the  Ni  concentration  is  increased  for  the  short  term 
annealed  UCus-jNia;  samples  with  A  =  -93.0  //J]  cm  K"''-^^'*  for  x  =  0.9  and 
A  =  -3.85  /iOcmK-'^-^^^  for  x  =  1.1.  The  "high"  temperature  fit  forms  show 
that  the  resistivity  values  for  0.9  <  x  <  1.2  decrease  just  above  a  linear  rate 
with  UCus.gNii  2  decreasing  at  a  rate  almost  equal  to  1  (0.996).  Interestingly, 
Fig.  4-3  on  page  80  shows  that  unannealed  UCu4.25Nio.75  (unannealed  x  =  0.75 
and  x  =  0.80  have  very  similar  low  temperature  curvatures)  has  upward  curvature 
over  its  entire  measured  temperature  range.  Yet,  this  upward  curvature  present 
in  unannealed  x  =  0.75  is  not  apparent  until  below  2  K  for  short  term  annealed 
X  =  0.9.  This  upward  curvature  is  quite  apparent  for  short  term  annealed  x  =  1.0 
and  x  =  1.05  at  the  lowest  measurable  temperatures.  However,  the  upward 
curvature  gets  less  steep  with  increasing  Ni  concentration  and  this  is  seen  in  the 
inset  in  Fig.  4-3.  The  "high"  temperature  fit  lines  in  the  inset  do  not  deviate  as 
quickly  for  x  =  1.1  and  x  =  1.05  as  occurred  for  x  =  1.0.  In  fact,  this  upward 
curvature  disappears  for  x  =  1.2.  The  cause  of  this  upward  curvature  is  unknown 
and  remains  an  open  ended  question.  This  upward  curvature  in  the  resistivity 
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has  also  been  seen  in  annealed  (14  days  at  750°C)  UCu4Pd  below  1  K  [160]  and 
annealed  (7  days  at  900°C)  UCu4Ni  [88]. 

Figure  4-3,  along  with  Tables  4-2  and  4  3  raise  some  interesting  points 
concerning  the  UCu5_3;Nij:  resistivity.  First,  the  resistivity  of  UCu4.25Nio.75  does 
not  show  an  antiferromagnetic  phase  transition  at  around  1.9  K  as  was  seen  in  the 
specific  heat  (and  will  be  discussed  in  the  specific  heat  section  below).  The  most 
interesting  point  concerns  a  comparison  of  the  resistivity  results  of  two  8  week 
850°C  annealed  UCu4Ni  samples.  The  first  sample  is  a  UCu4Ni  (production  date 
of  2-27-03  in  Table  4-2)  resistivity  bar  that  was  annealed  for  8  weeks  at  850°C 
after  the  resistivity  was  measured  for  the  bar  when  it  was  unannealed.  The  po 
value  decreases  by  a  factor  of  ~  20  and  the  RRR  value  is  ~  3.18  (very  close  to  the 
RRR  value  of  2.5  for  annealed  UCu4Pd  [160]).  Also,  a  similar  result  was  obtained 
for  a  UCu3.95Ni1.05  (7-14-03)  resistivity  bar  that  had  its  resistivity  measured  when 
it  was  an  unannealed  bar  and  then  was  annealed  at  850°C  for  8  weeks.  The  only 
preparation  difference  between  the  UCu4Ni  entries  (in  Tables  4-2  and  4-3)  that 
were  annealed  for  8  weeks  at  850°C  was  that  the  (2-27-03)  entry  (RRR  ~  3.18) 
had  its  dimensions  sanded  really  well  before  annealing  so  that  the  spot  welded  Pt 
wires  were  not  incorporated  into  the  sample  during  annealing.  The  second  sample 
in  Table  4-3  is  a  (10-13-03)  entry  (RRR  ~  0.313)  for  UCu4Ni  that  had  its  bar  cut 
from  the  arc-melted  bead  after  the  bead  had  been  annealed  for  8  weeks  at  850°C 
with  no  sanding  of  the  resistivity  bar  dimensions.  These  minor  differences  led  to 
significant  changes  in  the  resistivity  behavior. 

The  sanding  of  the  resistivity  bar  was  not  the  cause  of  the  significant  change 
in  the  resistivity  behavior  because  the  long  term  annealed  UCu4Ni  sample  (prod, 
date:  4-13-04  in  Table  4-3)  was  sanded  and  cleaned  right  before  the  Pt  wires  were 
attached  while  the  long  term  annealed  UCu3.95Ni1.05  sample  (prod,  date:  4-14-04) 
was  not  sanded  before  attaching  Pt  leads.  Both  samples  show  similar  resistivity 
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behavior  and  have  almost  identical  RRR  values  that  are  below  1.  A  couple  of 
possible  explanations  for  the  strange  resistivity  behavior  have  been  formulated. 
One  explanation  concerns  the  possibility  of  a  copper  oxide  layer  forming  during 
the  8  week  annealing  process  and  that  the  resistivity  of  a  copper  oxide  layer 
was  measured  for  the  resistivity  bars  that  were  not  sanded.  A  second  possible 
explanation  comes  from  Dr.  Bohdan  Andraka  pertaining  to  small  Cu  "islands" 
possibly  existing  in  the  UCu5_a;Ni3;  samples  and  that  just  pure  Cu  is  present  in 
the  grain  boundaries.  Thus,  the  Pt  wires  were  possibly  attached  to  pure  Cu  with 
some  impurities  mixed  in  and  the  resistivity  of  a  sample  similar  to  the  classical 
examples  of  a  Kondo  system  (i.e.,  diluted  alloys  of  Fe  and  Cr  in  Cu  [162])  were 
measured.  Magnetoresistance  measurements  need  to  be  performed  on  the  same 
eight  week  annealed  bars  (that  showed  such  odd  resistivity  behavior)  in  order  to 
test  the  validity  of  this  theory. 

Magnetoresistance  measurements  were  taken  on  the  short  term  (14  days  at 
750°C)  annealed  UCu4Ni  (2-27-03)  and  UCu3.95Ni1.05  (7-14-03)  samples.  The 
results  are  shown  in  Fig.s  B-1  and  B-2  of  Appendix  B.  The  results  in  both  graphs 
were  taken  by  Dr.  Jungsoo  Kim  at  the  NHMFL.  The  magnetoresistance  low 
temperature  results  show  that  for  UCu3.95Ni1.05,  the  approximate  po  values  in 
zero  field  and  in  a  13  T  field  only  have  about  a  2.6%  difference  between  them 
(~  929  ^0  cm  in  0  T  and  ~  905  /li}  cm  in  13  T).  Similarly,  the  results  for  UCu4Ni 
show  that  when  a  13  T  field  is  applied,  the  po  value  is  only  reduced  by  about 
2.8%  (~  797  fifl  cm  in  0  T  and  ~  775  i^Q  cm  in  13  T).  These  magnetoresistance 
measurements  suggest  that  the  origin  of  the  large  po  values  in  the  UCu5_iNi2; 
samples  is  not  of  an  electronic  nature.  One  last  interesting  point  that  is  fairly  well 
seen  in  both  figures  of  Appendix  B  is  that  the  upward  curvature  in  the  temperature 
dependence  of  the  graphs  in  zero  field  flattens  out  with  the  application  of  magnetic 
field  and  the  temperature  dependence  remains  fairly  constant  for  fields  higher  than 
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4  T.  Quantitatively,  best  fit  lines  (of  the  power  law  form  po  +  AT")  were  fit  to  each 
magnetic  field  data  set  in  Fig.s  B-1  and  B-2.  The  a  values  obtained  for  UCu4Ni  in 
0  T,  4  T,  and  13  T  fields  were  0.432,  0.794,  and  0.762  respectively.  The  a  values  for 
UCu3.95Ni1.05  in  0  T,  4  T,  and  13  T  fields  were  0.269,  0.722,  and  0.711  respectively. 
The  physical  reason  for  these  magnetoresistance  results  is  at  present  unexplained. 

A  final  question  that  needs  to  be  answered  concerning  these  UCus-^Nix 
resistivity  results  is  whether  or  not  the  short  term  annealed  resistivity  provides 
insight  into  the  inherent  properties  of  UCus-xNix,  i.e.,  does  quantum  criticality  or 
disorder  dominate  the  behavior  in  the  critical  concentration  of  x  =  1.0  (as  will  also 
be  discussed  in  the  specific  heat  section)?  The  answer  is  no  since  the  short  term 
annealing  results  for  UCu4Ni  do  not  vary  significantly  from  the  unannealed  results 
for  UCu4Ni  as  seen  in  Table  4-2.  The  resistivity  results  for  UCu4Ni  are  similar  to 
the  resistivity  results  for  unannealed  UCu4Pd  [160].  There  was  a  drastic  change 
in  the  transport  properties,  e.g.,  resistivity,  of  UCu4Pd  after  annealing  as  has 
been  documented  earlier.  Thus,  the  unannealed  UCu4Pd  gave  no  insight  into  the 
intrinsic  disordered  NFL  behavior.  Likewise,  the  resistivity  for  short  term  annealed 
UCu4Ni  (or  any  short  term  annealed  UCus-xNii  sample)  may  not  be  connected 
to  its  intrinsic  NFL  behavior.  The  resistivity  results  for  the  short  term  annealed 
UCus-xNix  samples  are  most  likely  stemming  from  an  extrinsic  effect  that  arises 
from  the  disorder  present  in  these  samples. 

4.3     Magnetization  Results  for  UCu5-xNi3: 

The  magnetization  results  for  the  short  term  annealed  UCus-^Nia;  samples 
around  the  critical  concentration,  x  =  1.0,  are  shown  in  Table  4-4  on  page  129  and 
Fig.  4-4  on  page  87.  The  numerical  information  in  Table  4-4  is  shown  graphically 
in  Fig.  4-4.  Figure  4-4  shows  the  excellent  agreement  between  the  fit  lines  and  the 
data  while  the  goodness  of  fits  (the  standard  deviation  and  the  x^  values)  in  Ta- 
ble 4-4  confirm  the  excellent  agreement.  The  reason  for  the  low  field  magnetization 
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being  fit  to  a  linear  form,  M  ~  H,  and  the  high  field  magnetization  being  fit  to  a 
power  law  form,  M  ~  H"^,  is  to  investigate  whether  or  not  the  NFL  behavior  in  the 
UCus-xNij;  system  may  be  fit  to  the  Griffiths  phase  disorder  model  [21]. 
4.3.1     Magnetization  Discussion  for  UCus-jNij. 

A  couple  of  trends  are  readily  seen  in  Fig.  4-4  and  Table  4-4.  First,  the 
field  range  over  which  the  linear  magnetization  form  fits  is  widened  as  the  Ni 
concentration  goes  from  0.8  to  1.2.  The  slope  of  the  linear  form  fit  decreases 
monotonically  with  increasing  Ni  concentration.  Likewise,  the  constant  in  the  front 
of  the  field  term  for  the  power  law  fit  decreases  monotonically  with  increasing 
Ni  concentration.  Also,  the  exponent  value.  A,  in  the  power  law  form  increases 
monotonically  for  0.9  <  x  <  1.2.  In  fact,  the  high  field  magnetization  power 
law  form  (for  UCu3.8Nii.2)  is  very  close  to  a  linear  form  with  A  =  0.953  (for 
0.9  T  <  H  <  7  T).  Also,  the  unphysical  constant  offsets  in  the  power  law  form 
(M  =  A'  +  B'  H-^)  and  hnear  fit  form  (M  =  A  +  B  H)  for  all  Ni  concentrations 
listed  in  Table  4-4  are  recognized.  These  offsets  also  show  a  trend  as  they  get  less 
negative  with  increasing  Ni  concentration. 

The  Griffiths  phase  disorder  model  of  Castro  Neto  and  Jones  [21]  makes  clear 
predictions  concerning  such  magnetization  data  shown  here.  As  mentioned  earlier, 
the  Griffiths  phase  disorder  model  predicts  that  the  magnetization  should  exhibit 
low  field  behavior  (M  ~  H)  that  crosses  over  to  high  field  behavior  (M  ~  H'*') 
at  some  crossover  magnetic  field,  'Hcrossover-  In  other  words,  the  magnetic  spin 
clusters  should  show  some  saturation  behavior  at  higher  magnetic  fields  when  the 
Griffiths  phase  disappears.  This  is  evident  in  Table  4-4,  especially  around  the 
critical  concentration  of  1.0.  The  short  term  annealed  UCu3.95Ni1.05  sample  has 
a  little  higher  A  value  (0.860)  than  the  A  values  of  Ceo.gTho.gRhSb  (0.686  [74]) 
and  Ceo.osLao.QsRhlns  (0.41  [73]),  two  known  samples  that  fit  predictions  made 
by  the  Griffiths  phase  disorder  model.  Also,  the  magnetization  results  for  samples 
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Figure  4-4:  Magnetization  for  UCu5_a;Ni3.  samples  annealed  14  days  at  750°C.  The 
magnetization  versus  field  measurements  were  taken  at  a  constant  temperature 
(2  K).  The  inset  shows  where  the  low  field  linear  form  (M  ~  H)  deviates  from  the 
data  for  each  sample  while  the  primary  graph  shows  the  excellent  fit  of  the  high 
field  power  law  form  (M  ~  H-^)  to  the  data. 
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above  the  critical  concentration  (e.g.,  x  =  1.2)  do  not  saturate  as  quickly  as  those 
samples  adjacent  to  x  =  1.0  in  the  phase  diagram.  This  may  suggest  that  the  Ni 
concentration  range  is  limited  for  which  the  Griffiths  phase  model  applies.  The 
dc  magnetic  susceptibility  results  and  the  specific  heat  results  are  intertwined 
to  the  magnetization  results  in  the  Griffiths  phase  model  since  the  A  value  from 
the  magnetization  power  law  form  should  match  the  low  temperature  magnetic 
susceptibility  exponent,  x  oc  T-^+^,  and  the  exponent  in  the  magnetic  field 
induced  peak  form  in  the  specific  heat,  C/T  ~  (H^+'^'/^T^-Vs^e-Mez/H/feBT^  ^^ 
H  >  H-crossaver,  whcrc  ^.crossover  IS  determined  from  the  magnetization  data. 

Since  saturation  is  present  in  the  magnetization  data,  it  is  recognized  that 
the  magnetization  and  susceptibility  of  the  UCu5_;^Nia;  samples  may  be  fit  with 
the  Kondo  disorder  model  [143].  However,  as  will  be  discussed  below  in  the 
specific  heat  section,  it  is  believed  that  the  Kondo  disorder  model  does  not  apply 
to  UCu5_3.Ni^  in  fight  of  the  fact  that  the  Kondo  impurity  model,  with  its  four 
fit  parameters,  was  unable  to  fit  the  specific  heat  data  in  a  magnetic  field  of 
isostructural  UCus-^^Pdj  [11]  and  in  fact  does  not  reproduce  the  peak  in  C(H) 
observed  for  UCu5_iNix. 

Finally,  the  method  (as  described  in  the  inset  of  Fig.  4-4)  of  determining 
^crossover  from  the  magnetization  data  seems  rather  arbitrary.  There  was  no 
clear  procedure  in  the  literature  for  describing  how  Ha-ossaver  was  determined  for 
Ceo.osLao.gsRhlns  («  0.8 T  [73])  and  Ceo.8Tho.2RhSb  {^  IT  [74]).  It  was  attempted 
in  this  UCu5_iNix  study  that  if  the  Griffiths  phase  disorder  model  applied  to 
UCus-xNii,  then  the  rare  strongly  coupled  magnetic  clusters  (responsible  for  the 
NFL  behavior)  might  possibly  show  hysteresis  at  each  sample's  respective  Ecrossover- 
Thus,  the  zero  field  cooled  (ZFC)  magnetization  at  T  =  2  K  was  measured  from 
0  to  7  T  and  immediately  afterwards,  the  field  cooled  (FC)  magnetization  was 
measured  from  7  to  0  T.  This  procedure  was  performed  on  three  of  the  short  term 
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annealed  samples:  x  =  0.9,  1.05,  and  1.2.  The  results  (not  shown  graphically 
here)  were  that  the  difference  in  magnetization  values  between  FC  and  ZFC  for 
all  three  samples  was  almost  identical  at  every  magnetic  field  point.  In  fact,  the 
magnetization  difference,  Mpc  -  Mzfc,  for  x  =  0.9  [with  its  low  Bcrossaver  (0.3  T)] 
began  to  increase  at  a  slightly  higher  magnetic  field  than  for  x  =  1.05  and  1.2. 
Thus,  hysteresis  measurements  provided  no  additional  insight  into  Ecrossover-  This 
topic  of  ^crossover  will  be  broached  again  when  dc  magnetic  susceptibility  results  at 
high  magnetic  fields  are  presented  below. 

4.4    AC  Magnetic  Susceptibility  Results  for  UCu5_..,Ni.^ 

The  ac  magnetic  susceptibility  for  certain  UCu5_j;Nia;  samples  was  measured 
in  a  SQUID  by  Quantum  Design  using  the  ac  susceptibility  option.  The  temper- 
ature range  of  the  results  was  limited  by  the  temperature  range  of  the  machine: 
2  K  -  300  K.  Since  UCus-^^Nix  suppresses  Ta^  to  zero,  only  UCus,  UCu4.4Nio.6, 
and  UCu4.5Nio.5  gave  Tjv  values  in  the  limited  temperature  range  of  the  ac  sus- 
ceptibility measurements.  The  results  for  the  unannealed  and  annealed  samples 
are  given  in  Table  4-5.  The  Tn  values,  listed  for  the  three  different  frequencies 
(9.5  Hz,  95  Hz,  and  950  Hz)  at  which  ac  susceptibility  measurements  were  per- 
formed, were  determined  by  the  location  of  a  peak  in  the  real  component,  x'ac^ 
of  the  ac  susceptibility  data.  Such  peaks  are  shown  in  Fig.  4-5  for  UCu4.5Nio.5 
(annealed  14  days  at  750°C). 
4.4.1     AC  Magnetic  Susceptibility  Discussion  for  UCus-xNia, 

The  ac  susceptibility  results  in  Fig.  4-5  confirm  that  the  transition  below  10  K 
for  annealed  UCu4.5Nio.5  is  antiferromagnetic  and  not  spin  glass  in  nature.  If  spin 
glass  behavior  was  apparent,  then  a  temperature  shift  of  the  maximum  in  the  ac 
susceptibility  as  a  function  of  frequency  would  occur  [77].  A  slight  temperature 
shift  does  occur  in  Fig.  4-5;  however,  the  results  in  Table  4-5  show  that  the 
temperature  shift  is  practically  within  the  stated  error  bars.  Another  indication 
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Figure  4-5:  AC  susceptibility  data  for  annealed  UCu4.5Nio.5  samples.  The  real 
component  of  the  ac  susceptibility  data  is  plotted  versus  temperature.  The  ac 
measurements  were  performed  at  two  different  frequencies  (9.5  Hz  and  950  Hz)  as 
shown.  The  peak  for  the  9.5  Hz  data  is  6.10  K  and  the  peak  for  the  950  Hz  data  is 
6.50  K.  The  shift  in  the  peak  between  the  two  different  frequencies  of  measurement 
is  within  the  error  bars  in  Table  4-5.     > 


l"i?  ■^' 


.*^- 


91 

that  is  characteristic  of  spin  glasses  is  a  step  in  the  imaginary  component  of  the 
ac  susceptibility  data  as  was  seen  in  UCu2.7Pd2,3  (the  data  dropped  by  a  factor 
of  ~  4  at  the  spin  glass  temperature  [77]).  The  imaginary  component  of  the  ac 
susceptibility  data  for  annealed  UCu4.5Nio.5  (not  shown  here)  does  not  show  such 
a  step,  remaining  fairly  constant.  The  data  in  Table  4-5  also  indicate  that  the 
transition  below  10  K  for  UCu4.4Nio,6  is  antiferromagnetic. 

The  ac  susceptibility  results  disagree  with  the  claims  made  by  Lopez  de  la 
Torre  et  al.  who  claim  that  the  magnetic  phase  transition  for  annealed  UCu4.5Nio.5 
around  6  K  is  indicative  of  spin  glass  or  cluster  glass  behavior  [89].  Their  claim 
of  this  spin  glass  behavior  is  based  upon  the  splitting  between  zero-field  cooled 
(ZFC)  and  field-cooled  (FC)  dc  magnetic  susceptibility  results  below  6  K.  However, 
Korner  et  al.  state  that  the  appropriate  method  for  arguing  spin  glass  behavior 
is  to  monitor  the  temperature  shift  of  the  maximum  in  the  ac  susceptibility  as 
one  varies  the  frequency  [77].  The  ac  susceptibility  results  in  this  dissertation 
argue  against  spin  glass  behavior  for  UCu4.5Nio.5  and  UCu4.4Nio.6,  similar  to 
UCu4.4Pdo.6  [77]. 

A  phase  diagram  comparing  the  UCus-xNii  system  to  the  isoelectronic 
UCu5_j;Pda;  system  will  be  shown  later  in  the  chapter;  however,  it  is  interest- 
ing to  compare  the  Tjv  values  of  UCu4.5Nio.5  and  UCu4.4Nio.6  to  UCu4.5Pdo.5 
and  UCu4.4Pdo.6.  Chau  and  Maple  report  that  unannealed  UCu4.5Pdo.5  has  a 
T/v  «  9.9  K  [26]  while  unannealed  UCu4.5Nio.5  has  a  Tyy  «i  7.5  K  (from  9.5  Hz 
ac  susceptibility  measurements).  Korner  et  al.  state  that  unannealed  UCu4.4Pdo.6 
has  a  Tat  ?5i  6.3  K  (from  95  Hz  ac  susceptibility  measurements)  while  unannealed 
UCu4.4Nio.6  has  a  T;v  ~  4.01  K  (from  95  Hz  ac  susceptibility  measurements).  This 
comparison  seems  to  suggest  that  the  dopant  Ni  atom  suppresses  the  Tat  value 
faster  than  the  dopant  Pd  atom.  One  supposition  for  this  faster  decrease  concerns 
the  possible  sublattice  ordering  with  the  Pd  atoms  while  such  sublattice  ordering 
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is  not  seen  with  the  Ni  atoms  (from  the  lattice  parameter  results);  thus,  greater 
hybridization  is  occurring  with  the  magnetic  U  atoms  for  the  UCus-xNi^  case  and 
is  causing  the  faster  suppression  rate.      .  •  : 

4.5     DC  Magnetic  Susceptibihty  Results  for  UCu5_3.Ni-;. 
Figure  4-6  on  page  93  shows  do  magnetic  susceptibility  data  for  annealed  (14 
days  at  750°C)  UCu4Ni  in  different  magnetic  fields:  1  kiloGauss  (kG),  1  Tesla  (T), 
2  T,  3  T,  and  4  T.  The  1  kG  data  show  a  high  temperature  peak  around  130  K 
and  that  peak  is  suppressed  by  the  application  of  a  larger  magnetic  field.  At  1  T, 
a  slight  amount  of  curvature  remains  over  the  temperature  range  where  the  peak 
occurred  in  1  kG.  At  2  T,  the  peak  appears  completely  suppressed.  Figure  4-6  is 
representative  of  all  Ni  concentrations  around  the  critical  concentration  of  x  =  1.0 
(i.e.,  X  =  0.9,  1.05,  1.1,  and  1.2).  A  better  perspective  of  the  low  temperature 
susceptibility  data  for  the  critical  Ni  concentration  and  its  adjacent  concentrations 
is  shown  in  Fig.  4-7  on  page  94.  The  reason  for  the  log-log  scale  and  the  straight 
lines  will  be  explained  in  the  discussion  section  below. 

Table  4-6  on  page  131  follows  the  progression  of  the  magnetic  susceptibility 
values  at  T  =  2  K  and  contains  other  important  values  that  will  be  used  later  in 
the  calculation  of  the  Wilson  ratio  [142].  Except  for  a  couple  of  concentrations 
(x  =  0.75  and  x  =  1.1),  Table  4-6  shows  that  the  magnetic  susceptibility  mono- 
tonically  decreases  with  increasing  Ni  concentration  for  0.75  <  x  <  1.2.  Also, 
Table  4-6  provides  Heff.  values  [in  Bohr  magnetons  (hb)]  for  each  Ni  concentra- 
tion. The  Heff.  values  are  determined  from  the  inverse  magnetic  susceptibility 
values  that  are  in  a  high  temperature  range  (up  to  300  K)  above  the  high  tem- 
perature peak  for  each  respective  UCus-^Nix  compound  listed  in  Table  4  6.  The 
inverse  susceptibility  may  be  related  to  the  fie/f.  values  by  rewriting  the  Curie- 
Weiss  Law  [x  =  Niiljfpl/{3-kB{T  -  0))  where  N  =  6.022  x  lO^^  atoms/mole, 
//B  =  9.2741  X  10-21  emu  G,  and  k^  =  1.3807  x  lO'^^  emu  G^  R-^]  into  the 
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Figure  4-6:  DC  susceptibility  for  annealed  UCu4Ni  in  different  magnetic  fields.  The 
various  magnetic  fields  were  1  kG,  1  T,  2  T,  3  T,  and  4  T.  The  same  piece  of  sam- 
ple was  used  for  all  5  magnetic  fields.  The  shifts  in  the  data  sets  as  indicated  allow 
the  distinguishing  characteristics  of  each  data  set  to  be  seen  clearly. 
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Figure  4-7:  Low  temperature  dc  susceptibility  for  annealed  UCus-xNix  samples. 
All  UCus-xNia;  samples  were  annealed  14  days  at  750°C.  The  abscissa  and  ordinate 
are  on  log^o  scales.  The  right  ordinate  scale  apphes  just  to  the  x  =  0.9  and  x  =  1.0 
data.  The  low  temperature  fit  lines  shown  are  used  to  determine  the  A  values  for 
the  Griffiths  phase  disorder  model  which  predicts  that  magnetic  susceptibility  has 
a  power  law  form  x(T)  oc  T~^+'^.  The  A  values  for  the  hnes  shown  are  listed  in 
Table  4-7. 
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following  form  [79]: 

l/x  =  (7.9972//z,2^^.)(T-e)  (4.1) 

where  x  has  the  units  emu/mole,  and  T  and  6,  the  paramagnetic  Curie  tempera- 
ture, have  the  units  Kelvin  (K).  There  does  not  appear  to  be  any  trend  in  ^i^jf.  or 
the  high  temperature  peak  as  a  function  of  x.  Finally,  the  x(T  =  0  K)  values  were 
extrapolated  values  by  fitting  the  low  temperature  magnetic  susceptibility  data 
(2  K  <  T  <  10  K)  to  a  fifth  order  polynomial. 
4.5.1     DC  Magnetic  Susceptibility  Discussion  for  UCus-^Nix 

The  first  part  of  this  discussion  will  pertain  to  the  high  temperature  peaks 
observed  in  the  dc  magnetic  susceptibility  results  of  the  UCus-a^Ni^.  samples.  Inter- 
estingly, no  previous  literature  has  mentioned  the  observance  of  a  high  temperature 
peak  in  the  dc  magnetic  susceptibility  for  any  UCu5_^Ni^  sample  [89,  90,  153].  The 
reason  why  no  high  temperature  peak  was  observed  in  two  of  the  articles  [89,  90] 
concerns  the  field  at  which  the  dc  magnetization  was  measured,  H  =  1  T,  while  the 
third  article  did  not  show  any  indications  of  a  high  temperature  peak  in  the  inverse 
susceptibility  (field  unknown)  [153].  As  has  been  pointed  out  previously  in  Fig.  4-6, 
1  T  almost  suppresses  the  high  temperature  peak  and  the  slight  curvature  that 
remains  at  1  T  may  have  been  attributed  to  experimental  uncertainty.  A  possible 
interpretation  for  the  high  temperature  peak  may  concern  spin  glass  behavior  since 
irreversibility  (not  shown  here)  between  zero  field  cooled  and  field  cooled  runs 
at  1  kC  begins  at  the  location  of  the  high  temperature  peak.  This  possible  spin 
glass  behavior  will  need  to  be  confirmed  by  ac  susceptibility  measurements  [77] 
(technical  difficulties  have  not  allowed  the  ac  susceptibility  measurements  to  be 
performed).  Another  possibility  is  that  the  high  temperature  peak  could  be  anti- 
ferromagnetic,  stemming  from  magnetic  susceptibility  measurements  of  CuO  [166]. 
This  is  highly  unlikely  since  the  majority  of  the  bulk  sample  would  have  to  have 
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oxidized.  Also,  the  high  temperature  peaks  in  Table  4-6  are  not  occurring  at  the 
Tn  value  of  230  K  for  CuO  [166]. 

A  comparison  of  other  isostructural  compounds  may  shed  light  on  the  high 
temperature  susceptibility  peak  for  UCus-^Nij.  samples.  High  temperature  sus- 
ceptibility measurements  for  UCu5_2;Pdi  reveal  no  high  temperature  peaks  [26]. 
The  isostructural  UCus-xPta;  compounds  do  show  very  broad  high  temperature 
peaks  for  UCu3.25Pt1.75,  UCu3Pt2,  and  UCu2.75Pt2.25  [26].  The  high  temperature 
peaks  for  the  UCus-^Pti  samples  are  broader  (the  peak  for  UCu3,25Pti.75  covers 
approximately  a  100  K  range)  and  flatter  as  compared  to  the  sharp,  narrow  peaks 
for  UCus-jNij;  (the  peak  for  UCu4Ni  covers  approximately  a  75  K  range).  Unfortu- 
nately, the  authors  for  the  UCus-^Ptx  system  do  not  mention  the  high  temperature 
peaks  in  their  work  [26].  The  high  temperature  peaks  for  the  UCu5_a;Nix  samples 
remain  an  unexplained  subject  that  will  have  to  be  answered  by  future  works. 

The  next  topic  concerning  the  UCu5_j;Nij;  dc  magnetic  susceptibility  results 
is  the  Heff.  values  listed  in  Table  4-6.  As  one  can  see,  the  effective  moment  values 
lie  between  2.79/iB  and  3.59/iB.  The  interpretation  of  the  effective  moment  values 
is  that  the  uranium  ions  are  in  a  mixed  valent  state.  All  the  experimentally 
determined  ^eff.  values  in  Table  4-6  are  above  the  5/^  and  5/^  calculated  effective 
moment  values  (2.54//^  and  2.68jUb  respectively  [7]).  Thus,  the  determined  effective 
moment  values  are  closer  to  the  calculated  effective  moment  values  for  the  5p 
and  5/^  valence  states  (3.58/iB  and  3.62//S  respectively  [7]).  Since  a  U  atom 
has  a  valence  shell  of  5/^6c^^7s^  then  5/^  indicates  that  U^+  has  four  missing 
valence  electrons  and  is  tetravalent  while  5/^  means  that  U^"*"  has  three  missing 
valence  electrons  and  is  tri valent.  The  determined  /ie//,  values  are  closer  to  a  mixed 
trivalent  and  tetravalent  state.  This  is  in  agreement  with  the  results  of  van  Daal  et 
al.  [153]. 
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The  final  part  of  the  discussion  focuses  on  the  dc  magnetic  susceptibiUty  for 
the  critical  Ni  concentration  x  =  1.0  and  its  adjacent  concentrations  (x  =  0.9,  1.05, 
1.1,  and  1.2).  The  low  temperature  dc  susceptibility  in  a  1  kG  field  is  shown  in 
Fig.  4-7.  The  equations  for  the  low  temperature  fit  fines  in  Fig.  4-7  are  explicitly 
stated  in  Table  4-7.  Both  the  figure  and  table  show  that  the  low  temperature 
fit  lines  do  not  fit  the  low  temperature  magnetic  susceptibility  data  very  well. 
The  temperature  range  for  the  fit  lines  does  not  cover  a  decade  of  temperature. 
Also,  Fig.  4-7  shows  that  the  five  Ni  concentrations  have  an  inflection  point 
occurring  around  30  K  in  their  magnetic  susceptibility  data.  The  exact  source  of 
the  inflection  point  is  unknown,  but  a  couple  of  possible  explanations  exist.  First, 
the  inflection  point  in  the  dc  susceptibility  could  be  due  to  an  extrinsic  effect  on 
the  UCu5_xNix  samples  similar  to  the  supposition  made  for  the  resistivity  of  the 
short  term  annealed  UCu5_xNii  samples.  Since  the  Griffiths  phase  disorder  model 
is  being  applied  to  the  UCu5_a;Nij.  system,  the  behavior  of  strong  magnetic  clusters 
(i.e.,  the  Griffiths  phase)  is  what  leads  to  the  power  law  behavior  in  the  magnetic 
susceptibility:  x(T)  a  T-^+'^  [21].  However,  the  Griffiths  phase  model  predicts 
that  there  is  a  temperature  on  the  order  of  the  average  RKKY  interaction  for  a 
particular  system  and  that  above  this  temperature,  the  magnetic  clusters  do  not 
exist  as  well  defined  objects  since  temperature  fluctuations  can  excite  isolated  spins 
within  the  cluster  [21].  Thus,  the  inflection  points  in  Fig.  4-7  could  be  related  to 
the  temperature  where  the  magnetic  clusters  decompose  [20].  Another  possible 
explanation  concerning  the  inflection  point  is  a  magnetic  origin.  If  one  looks 
ahead  to  Fig.s  4-8  and  4-9,  one  sees  that  the  inflection  point  disappears  at  higher 
magnetic  fields.  This  inflection  point  will  be  left  for  further  studies. 

The  Griffiths  phase  disorder  model  also  states  that  the  exponent.  A,  in  the 
low  field  magnetic  susceptibility  power  law  behavior  {x  ~  T"^"^'^)  is  equal  to 
the  A  in  the  high  field  magnetization  behavior  (M  ~  H"^).  If  one  compares  the  A 
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values  for  the  1  kG  magnetic  susceptibility  fits  in  Table  4-7  to  the  A  values  for 
the  magnetization  versus  field  fits  in  Table  4-4,  then  one  sees  that  for  x  =  1.05, 
the  two  values  are  within  2%  of  each  other  (0.848  from  susceptibility  and  0.860 
from  magnetization)  and  that  the  A  values  for  x  =  1.1  and  x  =  1.2  are  almost 
equal.  The  susceptibility  at  1  kG  and  the  magnetization  seem  to  imply  that  the 
antiferromagnetism  (i.e.,  spin  fluctuations)  suppressed  at  the  quantum  critical 
point  concentration  of  x  =  1.0  does  not  show  Griffiths  phase  behavior  with  the 
exponent  from  the  magnetization  data  (0.841)  deviating  by  more  than  2%  from  the 
magnetic  susceptibihty  exponent  (0.792).  Yet,  as  the  Ni  concentration  is  increased 
slightly  (by  5%),  the  magnetic  clusters  (and  the  associated  tunneling  between 
energy  levels  [21])  associated  with  the  Griflaths  phase  display  their  behavior  in 
the  magnetic  susceptibility.  The  apparent  Griffiths  phase  behavior  in  the  1  kG 
magnetic  susceptibility  continues  for  x  =  1.1  and  1.2  (the  highest  Ni  concentration 
synthesized  for  this  dissertation).  •'  " 

Since  the  dc  magnetic  susceptibility  was  run  in  five  diflferent  magnetic  fields  for 
the  five  concentrations  around  x  =  1.0  to  suppress  the  high  temperature  peak,  an 
interesting  question  concerns  to  what  maximum  magnetic  field  does  the  Griflaths 
phase  model  apply  for  the  dc  magnetic  susceptibility?  A  semilogarithmic  plot 
and  a  log-log  plot  are  shown  in  Fig.  4-8  and  Fig.  4-9  respectively  for  UCu4Ni 
annealed  14  days  at  750°C.  The  fit  lines  in  Fig.  4-8  and  Fig.  4-9  along  with  the 
other  four  adjacent  Ni  concentrations  are  stated  explicitly  in  Tables  4-7,   4-8, 
and  4-9.  The  semilog  and  log-log  plots  for  the  other  4  Ni  concentrations  are  shown 
in  Appendix  C.   The  x  =  0.9  magnetic  susceptibility  data  will  be  ignored  since 
there  is  still  an  antiferromagnetic  transition  occurring  at  ~  0.4  K  (as  will  be  seen 
in  the  specific  heat  data  later)  despite  power  law  behavior  occurring  over  a  large 
temperature  range  at  2  T  as  seen  in  Table  4-8.  The  UCu4Ni  data  in  Table  4-8 
show  that  power  law  behavior  is  present  over  an  extended  temperature  range 
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Figure  4-8:  Semilog  plot  of  dc  magnetic  susceptibility  for  UCu4Ni.  The  annealed 
UCu4Ni  was  run  at  various  magnetic  fields  (1  kG,  1  T,  2  T,  3  T,  and  4  T).  The 
temperature  axis  is  on  a  log^o  scale.  The  equations  for  the  best  fit  lines  are  stated 
in  Tables  4-7,   4-8,  and  4-9.  The  shifts  in  the  data  and  lines  are  for  clarity. 
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Figure  4-9:  Log-log  plot  of  dc  magnetic  susceptibility  for  UCu4Ni.  The  annealed 
UCu4Ni  was  run  at  various  magnetic  fields  (1  kG,  1  T,  2  T,  3  T,  and  4  T).  The 
temperature  axis  and  dc  susceptibility,  x,  axis  are  on  a  logjo  scale.  The  equations 
for  the  best  fit  lines  are  stated  in  Tables  4-7,   4-8,  and  4-9.  The  shifts  in  the  data 
and  lines  are  for  clarity. 
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(2-40  K)  at  2  T.  The  A  values  from  the  2  T  magnetic  susceptibihty  data  and  the 
magnetization  data  differ  by  ~  3%,  which  is  still  rather  good  agreement.  However, 
the  magnetization  data  in  Table  4-4  predicts  that  the  Griffiths  phase  behavior 
should  be  suppressed  at  2  T  with  the  crossover  field  being  defined  as  1.55  T.  This 
crossover  field  was  rather  arbitrary  in  its  definition  and  Ceo.osLao.gsRhlus  had  a 
crossover  field  of  ~  0.8  T  [73]  from  magnetization  data,  yet  C/T  field  data  did  not 
reveal  a  peak  (predicted  to  occur  when  Griffiths  phase  is  suppressed)  until  1.5  T. 
The  uncertainty  in  the  crossover  field  could  still  allow  Griflaths  phase  behavior 
to  occur  at  2  T  as  is  suggested  by  the  magnetic  susceptibility  of  UCu4Ni.  The 
Griffiths  phase  behavior  for  UCu4Ni  starts  to  disappear  as  the  3  T  magnetic 
susceptibility  starts  to  fall  below  the  power  law  fit  line  at  4  K  as  shown  in  Fig.  4-9. 
The  2  T  magnetic  susceptibility  data  for  UCu3.95Ni1.05  also  implies  that  Griffiths 
phase  behavior  (i.e.,  tunneling  between  energy  levels)  is  occurring  with  a  power 
law  fit  covering  over  more  than  a  decade  of  temperature.  The  A  values  from  the 
magnetic  susceptibility  data  and  magnetization  data  are  within  5%  of  each  other 
(0.899  and  0.860  respectively).  Interestingly,  the  3  T  magnetic  susceptibility  data 
for  UCu3.95Ni1.05  shows  downward  curvature  from  a  power  law  fit  line  at  lowest 
measurable  temperatures  while  a  semilog  line  shows  excellent  behavior  (from  2 
to  45  K).  UCus.gNii.i  and  UCu3.8Nii.2  at  2  T  cease  to  show  power  law  behavior 
over  a  decade  of  temperature  implying  that  the  Griffiths  phase  is  being  suppressed 
with  the  magnetic  field  splitting  the  energy  levels  far  enough  apart  such  that 
tunneling  between  the  energy  levels  does  not  occur.  Like  the  UCu3.95Ni1.05  sample, 
UCus.gNii.i  at  3  T  shows  semilog  behavior  over  a  decade  of  temperature. 

The  magnetic  susceptibility  data  at  various  magnetic  fields  for  x  =  0.9,  1.0, 
1.05,  1.1,  and  1.2  seem  to  suggest  that  the  Griffiths  phase  disorder  model  is  not 
sufficient  in  explaining  all  the  complexities  involved  in  the  UCus-^Nij;  system. 
For  example,  as  mentioned  earlier,  the  magnetic  susceptibility  for  UCu3.95Ni1.05 
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displays  good  power  law  behavior  at  2  T  despite  magnetization  versus  field  data 
defining  Ra-ossmier  as  1.55  T.  An  interesting  result  concerns  the  semilog  behavior 
at  3  T  for  the  magnetic  susceptibility  of  UCu3.95Ni1.05  which  suggests  that  the 
"two-channel"  Kondo  model  could  be  a  possibility  in  describing  the  NFL  behavior 
of  UCu3.95Ni1.05  [143].  This  sort  of  behavior  compares  to  the  comments  made  by 
Booth  et  al.  [16]  who  stated  that  the  Kondo  disorder  model  did  not  match  all  the 
experimental  data  that  existed  for  UCu4Pd  and  more  complex  theories  such  as  the 
Kondo/quantum  spin-glass  critical  point  [56]  would  need  to  be  involved.  In  order  to 
form  as  complete  a  picture  as  possible  for  UCu5_j;Nia;,  the  magnetic  susceptibility 
data  will  be  referred  to  heavily  in  the  upcoming  specific  heat  sections. 

4.6    UCus-jNii  Specific  Heat  Results 

The  specific  heat  was  measured  for  eight  of  the  short  term  annealed  Ni 
concentrations:  x  =  0.6,  0.75,  0.8,  0.9,  1.0,  1.05,  1.1,  and  1.2.  Figure  4-10  on 
page  103  shows  the  specific  heat  for  all  eight  Ni  concentrations  measured  from 
~  0.3  K  to  the  highest  measured  temperature  (~  8  K).  The  subtraction  made 
in  Fig.  4-10  takes  away  the  lattice  contribution.  The  lattice  contribution  comes 
from  the  specific  heat  of  UNi5  which  was  measured  by  van  Daal  et  al.  [153]. 
The  data  from  van  Daal  et  al.  was  replotted  by  means  of  a  scanner  and  the 
low  temperature  data  (0  <  T  <  15  K)  fit  the  specific  heat  for  a  normal  metal: 
C/T  =  15.3  +  0.178  T2  +  0.00110  T^  (mJ  mole'^  K'^).  Thus,  the  Debye  term 
(i.e.,  the  T^  term  in  the  previous  equation)  and  the  next  higher  lattice  term  may  be 
subtracted  fi:om  C/T  to  isolate  just  the  electronic  contribution  for  the  UCus-^Ni^ 
samples. 

Unlike  magnetic  susceptibility  data,  the  specific  heat  data  in  Fig.  4-10  were 
measured  down  to  ~  0.3  K.  The  antiferromagnetic  transition  in  UCu5_a,Nia.  is 
present  for  x  =  0.6,  0.75,  and  0.8  as  the  specific  heat  has  a  large  upturn  with  de- 
creasing temperatures  and  then  shows  a  plateau.  The  antiferromagnetic  transition 
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Figure  4-10:  Specific  heat  for  eight  annealed  UCus-xNi^  samples.  The  specific 
heat  is  plotted  firom  ~  0.3  K  to  the  highest  measured  temperature.  AC/T  on  the 
ordinate  represents  the  electronic  contribution  to  the  UCus-xNij  samples  where 
AC/T  =  C/T  -  (0.178T2  +  O.OOllT'')  as  described  in  the  text. 
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may  be  determined  from  specific  heat  data.  One  method  of  determination  is  to 
draw  a  straight  line  along  the  plateau  and  another  straight  line  along  the  rapid 
linear  increase  of  the  specific  heat  data  before  the  data  begins  to  level  off  to  the 
plateau.  The  intersection  of  these  two  straight  lines  then  gives  a  T^r^e/  value  as 
shown  in  Fig.  D-1  of  Appendix  D  for  annealed  UCu4.4Nio.6.  The  semilogarithmic 
graph  in  Fig.  D-1  was  used  to  better  display  the  plateau  below  the  T^iei  value. 
This  may  be  questionable,  but  the  semilog  plot  was  used  to  consistently  determine 
T^iei  values  (from  specific  heat  data)  that  are  stated  in  Table  4-10.  If  one  com- 
pares the  Tjv^ei  values  for  annealed  UCu4.4Nio.6  in  Tables  4-5  and  4-10,  then  the 
Tjv^ei  values  are  equal  to  each  other  within  the  temperature  uncertainty  of  each 
measurement. 

Figure  4-11  on  page  105  shows  the  specific  heat  for  five  UCu5_a;Nia;  samples 
plotted  on  a  semilogarithmic  graph:  x  =  0.8,  0.9,  1.0,  1.05,  and  1.1.  The  fit  lines 
with  curvature  are  Moriya  and  Takimoto  fits  that  will  be  explained  in  the  specific 
heat  discussion  section.  These  fit  lines  along  with  the  yo  values  (listed  in  Fig.  4-11 
and  Table  4-10)  were  determined  using  a  computer  program  (in  Fortran  code) 
developed  by  Dr.s  Toru  Moriya  and  Tetsuya  Takimoto  at  the  Science  University 
of  Tokyo  [103].  Also,  Fig.  4-11  shows  that  the  specific  heat  measurements  for 
X  =  0.9,  1.0,  and  1.05  were  extended  further  below  0.3  K.  These  low  temperature 
measurements  were  performed  by  Dr.  E.-W.  Scheldt  at  the  University  of  Augsburg 
using  a  dilution  refrigerator. 

The  Ni  concentrations  around  the  critical  concentration  of  x  =  1.0  are  also 
plotted  on  a  log-log  plot  in  Fig.  4-12  on  page  106.  Figure  4-12  helps  in  distinguish- 
ing whether  or  not  the  Griffiths  phase  (C/T  ~  T'^^^  [21])  applies  to  a  particular 
Ni  concentration.  Many  more  comments  concerning  Fig.  4-12  will  be  made  in  the 
specific  heat  discussion  section. 
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Figure  4-11:  UCus-iNij  specific  heat  results  on  a  semilog  plot.  AC/T  on  the 
semilogarithmic  graph  is  defined  as  follows:  AC/T  =  C/T  -  (O.ITST^  +  0.001  IT^). 
The  curved  fines  (dashed  for  x  =  0.8,  0.9,  and  1.0)  are  Moriya  and  Takimoto  fits 
that  predict  the  specific  heat  to  go  like  C/T  =  7  -  AT^/^  ^t  lowest  temperatures, 
followed  by  C/T  ~  log  T  at  higher  temperatures  [103].  The  yo  for  x  =  0.8,  0.9, 
and  1.0  is  the  reduced  inverse  staggered  susceptibility  that  monitors  how  close  a 
sample  is  to  the  quantum  critical  point,  yo  =  0  marks  the  quantum  critical  point. 
The  straight  line  for  x  =  1.0  is  a  semilogarithmic  fit  for  0.0547  K  <  T  <  1.30  K: 
AC/T  =  150  -  143  logioT. 
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Figure  4-12:  UCu5_a;Nia;  specific  heat  results  on  a  log-log  plot.  The  right  y- 
axis  applies  just  to  the  UCu3.8Nii.2  data.  The  straight  lines  are  linear  fits  that 
cover  the  widest  possible  temperature  range:  x  =  0.9  -  logio(AC/T)  =  2.35 
-  0.3721ogioT  for  0.440  K  <  T  <  6.04  K;  x  =  1.0  -  logio(AC/T)  =  2.17  - 
0.3701ogio  T  for  0.404  <  T  <  2.28  K;  x  =  1.05  -  logio(AC/T)  =  2.08  -  0.2611ogio  T 
for  0.0547  <  T  <  1.66  K;  x  =  1.1  -  logio(AC/T)  =  2.02  -  0.2011ogio  T  for 
0.389  <  T  <  2.15  K;  and  x  =  1.2  -  logio(AC/T)  =  2.01  -  0.09701ogioT  for 
0.563  <  T  <  1.84  K. 
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The  specific  heat  for  Ni  concentrations  including  and  adjacent  to  the  critical 
concentration  of  x  =  1.0  was  measured  in  select  magnetic  fields,  typically  3,  6, 
and  13  T.  It  was  noticed  that  during  the  collection  of  data,  a  Schottky  peak 
(C  ~  1/T^  [73])  was  appearing  at  the  lowest  measurable  temperatures.  The 
appearance  of  the  Schottky  peak  is  exemplified  in  Fig.  D-2  of  Appendix  D  on 
page  179.  These  Schottky  peaks  were  similar  to  the  Schottky-like  anomalies 
observed  in  BaCu02  by  Fisher  et  al.  [46].  Thus,  the  UCu5_iNix  specific  heat 
measured  in  a  magnetic  field  needed  to  account  for  the  nuclear  hyperfine  specific 
heat  coming  from  the  copper  nuclei.  Fisher  et  al.  calculated  the  nuclear  hyperfine 
specific  heat  from  nuclei  ^^-^^Cu  and  ^^s-isTg^  ^^  ^^  Cft/(H)  =  0.00329  (H/T)^ 
mJ  rnole"^  K~^  for  H  in  Tesla  [46].  It  was  assumed  that  the  primary  contributors 
to  the  nuclear  hyperfine  specific  heat  were  the  Cu  nuclei.  This  was  confirmed 
by  measuring  a  pure  piece  of  99.9999%  Cu  (etched  in  nitric  acid  right  before 
measurement)  in  Dr.  Stewart's  laboratory  at  UF  in  6  and  13  T.  The  coeflacient  in 
front  of  the  nuclear  splitting  term  (i.e.,  the  Schottky  anomaly  term  -  C/T  ~  1/T^) 
that  was  experimentally  determined  (graph  not  shown)  in  the  6  T  magnetic  field 
was  within  5%  of  Fisher's  value  (0.112  versus  0.118  respectively).  Similarly,  the 
experimentally  determined  coefficient  in  the  13  T  magnetic  field  was  within  1% 
of  Fisher's  value  (0.560  versus  0.556  respectively).  Thus,  the  AC/T  values  in 
magnetic  fields  take  into  account  the  nuclear  splitting  of  the  Cu:  AC/T  =  C/T 
-  (5-x)  0.00329  HVT3  -  0.178  T^  -  0.0011  T^  where  H  is  in  Tesla  and  x  is  the  Ni 
concentration.  The  nuclear  splitting  term  needs  to  be  multiplied  by  the  number  of 
moles  of  Cu  since  Fisher's  term  only  accounted  for  1  mole  of  Cu  with  BaCuOg  [46]. 
Figures  4-13,  4-14,  and  4-15  show  the  specific  heat  of  UCu4.iNio.9,  UCua.gNii.i, 
and  UCu3.8Nii.2  in  0,  3,  and  6  T  respectively  while  Fig.s  4-16  and  4-17  show  the 
specific  heat  of  UCu4Ni  and  UCu3.95Ni1.05  in  0,  2,  3,  and  6  T. 
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Figure  4-13:  Specific  heat  of  UCu4.iNio.9  in  0,  3,  and  6  T.  UCu4.iNio.9  was  an- 
nealed for  14  days  at  750°C.  The  AC/T  values  not  only  have  the  lattice  contri- 
bution subtracted  off,  but  also  the  nuclear  hyperfine  contribution:  AC/T  =  C/T 
-  0.0135H7T3  -  0.178T2  -  O.OOllT''  where  H  is  in  Tesla.  The  0  T  data  are  only 
shown  down  to  ~  0.3  K  so  as  not  to  conceal  the  3  T  and  6  T  data. 
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Figure  4-14:  Specific  heat  of  UCus.gNii.i  in  0,  3,  and  6  T.  UCus.gNii.i  was  annealed 
for  14  days  at  750°C.  The  AC/T  values  have  the  lattice  and  nuclear  hyperfine 
terms  subtracted  off:  AC/T  =  C/T  -  0.0128HVt3  -  O.ITST^  -  O.OOllTl  The  fits 
for  the  3  T  (dotted  line)  and  6  T  (solid  line)  data  are  based  upon  the  Castro  Neto- 
Jones  model  above  the  crossover  magnetic  field:  AC/T  =  A(iP+^>^^^/T^-^^/'^)e~^/^ 
+  D  where  A,  H,  and  D  are  the  three  variable  parameters  in  the  least  squares 
fit  while  A;^  =  0.903  for  UCua.gNij.i  (firom  Tables  4-4  and  4-7).  The  fits  for 
the  3  T  and  6  T  data  are  as  follows:  3  T  -  A  =  29.6,  H  =  1.85,  and  D  =  93.1 
for  0.381  <  T  <  8.06  K;  and  6  T  -  A  -  19.7,  H  -  2.74,  and  D  =  91.5  for 
0.372  <  T  <  8.22  K.  The  3  T  data  and  the  3  T  fit  beyond  2  K  are  truncated  for 
clarity. 
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Figure  4-15:  Specific  heat  of  UCu3.8Nii.2  in  0,  3,  and  6  T.  UCu3.8Nii.2  was  annealed 
for  14  days  at  750°C.  The  AC/T  values  have  the  lattice  and  Schottky  anomaly 
terms  subtracted  off:  AC/T  =  C/T  -  0.125HVT3  -  O.ITST^  -  O.OOllTl  The  fit  to 
the  6  T  data  is  based  upon  the  Castro  Neto-Jones  model  above  the  crossover  mag- 
netic field:  AC/T  =  A(H2+V2/x3-A/2)e-H/T  +  ^  ^^ere  A,  H,  and  D  are  the  three 
variable  parameters  in  the  least  squares  fit  while  A  =  0.95  for  UCu3.8Nii.2  (fixed 
from  M  vs.  H  at  T  =  2  K  and  x  vs.  T  at  H  =  1  kC).  The  fit  covers  the  low  tem- 
perature range  from  0.381  to  3.77  K  with  A  =  5.87,  H  =  2.24,  and  D  =  93.2.  The 
3  T  data  are  truncated  at  1.2  K  for  clarity  with  the  3  T  data  above  1.2  K  closely 
following  the  0  T  data. 
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Figure  4-16:  Specific  heat  of  UCu4Ni  in  0,  2,  3,  and  6  T.  UCu4Ni  was  annealed 
for  14  days  at  750°C.  The  AC/T  values  have  the  lattice  and  Schottky  anomaly 
terms  subtracted  off:  AC/T  =  C/T  -  0.0132H7T3  -  O.ITST^  -  0.001  ITl  The  fit 
to  the  6  T  data  is  from  the  Castro  Neto-Jones  model  for  the  specific  heat  above 
the  crossover  magnetic  field:  AC/T  =  A{E^+^/^/T^-^/^)e-^/'^  +  D  where  A,  H, 
and  D  are  the  three  variable  parameters  in  the  least  squares  fit  while  A  =  0.841 
for  UCu4Ni  (fixed  from  M  vs.  H  at  T  =  2  K).  The  6  T  fit  has  A  =  45.7,  H  =  1.97, 
and  D  =  102  for  0.357  <  T  <  8.15  K.  The  0  T  data  goes  down  to  ~  0.3  K  so  that 
the  other  field  data  are  not  concealed  and  the  3  T  data  are  truncated  at  ~  2  K  for 
clarity.  ... 
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Figure  4-17:  Specific  heat  of  UCu3.95Ni1.05  in  0,  2,  3,  and  6  T.  UCu3.95Ni1.05  was 
annealed  for  14  days  at  750°C.  The  AC/T  values  have  the  lattice  and  nuclear  hy- 
perfine  terms  subtracted  off:  AC/T  =  C/T  -  0.0130H7T^  -  O.UST^  -  O.OOllT^. 
The  fits  to  the  3  T  and  6  T  data  are  the  Castro  Neto-Jones  equations  for  the  spe- 
cific heat  above  the  crossover  magnetic  field:  AC/T  =  A(H.'^+^/'^/T^-^/'^)e~"/'^  +  D 
where  A,  H,  and  D  are  the  three  variable  parameters  in  the  least  squares  fit  while 
A  =  0.860  for  UCu3.95Ni1.05  (fixed  from  M  vs.  H  at  T  =  2  K).  The  3  T  fit  (dashed 
line)  has  A  =  45.8,  H  =  1.90,  and  D  =  84.2  for  0.385  <  T  <  9.01  K  while  the  6  T 
fit  (solid  line)  has  A  =  35.8,  H  =  2.68,  and  D  =  83.2  for  0.386  <  T  <  9.09  K.  The 
0  T  data  are  plotted  down  to  ~  0.3  K  on  this  graph  for  a  better  view  of  the  field 
data  while  the  3  T  data  and  fit  are  truncated  at  2  K  for  clarity. 
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Figures  4-14,   4-15,  4-16,  and  4-17  have  curves  that  attempt  to  fit  certain 
magnetic  field  data.  These  are  Castro  Neto-Jones'  fits 

[C/T  -  (H2+V2/T3-A/2)g-Me//.H/fcBT]  as  was  discussed  in  detail  in  the  "Theory" 
chapter.  These  fits  are  used  on  the  assumption  that  magnetic  spin  clusters  (disor- 
der induced)  are  responsible  for  the  NFL  behavior  in  UCus-^jNij;.  The  fit  details 
are  listed  in  the  caption  of  each  figure.  The  13  T  data  were  not  included  in  any 
figure  for  improved  clarity.  Also,  the  Castro  Neto-Jones'  fits  to  the  13  T  data  were 
rather  poor  for  all  Ni  concentrations  that  had  their  specific  heat  measured  in  that 
magnetic  field.  An  example  of  how  poor  the  Castro  Neto-Jones'  model  fits  13  T 
data  is  provided  in  Fig.  D-3  of  Appendix  D  for  UCu4Ni  13  T  data. 

Finally,  it  should  be  noted  that  the  Wilson  ratio,  R,  was  calculated  for  Ni 
concentrations  where  0.75  <  x  <  1.2  in  Table  4-10.  The  Wilson  ratio  relates  the 
specific  heat  and  dc  magnetic  susceptibility  of  a  compound  [163]  and  is  used  in 
classifying  whether  or  not  a  heavy-fermion  system  is  magnetic,  nonmagnetic,  or 
superconducting  [142].  The  Wilson  ratio  is  defined  as 

7r24x(T  =  0) 


R  = 


g2/x|7J(J  +  l) 


(4.2) 


where  ks  is  the  Boltzmann  constant  (1.38  x  10"^^  J  K~^)  and  g^/i|J(J  +  1) 
is  equal  to  nl^^  [where  /ig//.  is  in  terms  of  the  Bohr  magneton  number,  hb 
(9.27  X  10~^^  J  T~^)].  Equation  4.2  may  be  simplified  down  to  terms  and  units 
that  are  listed  in  this  dissertation  [142]: 

218.7x(T  =  0) 


R  = 


T/^e//. 


(4.3) 


where  x(T  =  0)  has  the  units  of  memu  mole"^  G~\  7  has  the  units  of  mJ  mole"^  K"^, 
and  /Lie//,  is  a  dimensionless  number  of  Bohr  magnetons.  The  x(T  =  0)  and  /Xg//. 
values  are  listed  in  Table  4-6  on  page  131  as  discussed  previously.  All  7  values 
listed  in  Table  4-10  were  extrapolated  using  a  fifth  order  polynomial  over  the 
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entire  temperature  range  measured.  This  determination  of  7  may  seem  arbitrary, 
but  it  was  consistently  done  for  all  Ni  concentrations.  The  extrapolation  of  x  and 
AC/T  as  T  —^  0  has  been  used  in  Wilson  ratio  values  for  samples  like  CeCu2Si2  [8] 
and  YbRh2Si2  [52].  The  Wilson  ratios  in  Table  4-10  are  by  no  means  definitive, 
however  they  will  be  used  for  comparisons  between  samples  in  the  UCua-jjNii 
system. 

4.6.1    UCu5_iNia;  Specific  Heat  Discussion 
4.6.1.1     Specific  Heat  in  Zero  Magnetic  Field 

Figure  4-11  on  page  105  shows  that  the  antiferromagnetism  in  the  annealed 
(14  days  at  750°C)  UCus-xNi^j  samples  is  not  suppressed  until  x  =  1.0  with  the 
plateau  at  ~  0.4  K  signifying  the  antiferromagnetic  transition  temperature  (Tjv) 
for  UCu4.iNio.9.  Thus,  UCu4Ni  is  the  critical  concentration  where  T^r  (or  H^^^ei) 
is  suppressed  to  zero.  Although  the  ac  susceptibility  results  above  showed  the 
Ni  concentrations  with  x  <  0.75  to  have  a  greater  effect  upon  T^^  than  the  Pd 
concentrations  (less  than  0.75),  x  =  1.0  is  the  same  concentration  where  T^y  is 
suppressed  to  zero  for  the  annealed  (14  days  at  750°C)  UCus-^Pda;  system  [160]. 
Yet,  as  discussed  before,  the  UCu4Ni  sample  shows  no  possibility  of  partial 
sublattice  ordering  as  seen  in  UCu4Pd.  Figure  4-18  on  page  115  is  a  phase  diagram 
comparing  the  T;^  values  for  the  UCu5_a:Nia;  and  UCu5_xPdx  system. 

The  TNiel  value  being  suppressed  to  zero  is  also  confirmed  by  the  Moriya 
and  Takimoto  fits  in  Fig.  4-11.  As  discussed  in  the  "Theory"  chapter,  Moriya 
and  Takimoto  based  their  theory  upon  spin  fluctuation  mode-mode  coupling  and 
as  T  — >  0,  C/T  =  7  -  AT^/^.  The  mode- mode  coupling  increases  with  increasing 
temperature  and  C/T  goes  like  -log  T  [143].  Figure  4-11  shows  that  x  =  0.9  and 
X  =  1.0  increase  logarithmically  with  decreasing  temperature  and  the  7  -  AT^/^ 
curve  fits  the  lowest  temperature  data  (within  the  experimental  uncertainty). 
An  indicator  for  how  close  a  sample  is  to  a  magnetic  instability  in  the  Moriya 
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Figure  4-18:  Phase  diagram  for  UCug-xNi^  and  UCug-xPdi.  The  Tma  values  for 
X  =  0,  0.5,  and  0.6  in  the  UCu5_iNix  system  (denoted  by  hollow  triangles)  are  from 
ac  susceptibihty  measurements  in  Table  4-5  (the  average  TMiei  value  for  annealed 
and  unannealed  samples  measured  at  9.5  Hz)  while  the  x  =  0.75,  0.8,  and  0.9  T^^ 
values  are  those  listed  in  Table  4-10  for  annealed  (14  days  at  750°C)  UCus-xNi^ 
samples.  The  hollow  circles  are  Tnm  values  taken  from  dc  magnetic  susceptibihty 
measurements  (down  to  1.8  K)  of  Chau  and  Maple  [26]  for  unannealed  UCus-^Pda; 
samples.  Similarly,  the  dark  circles  are  TNiel  values  for  unannealed  UCus-^Pdx 
reported  by  Koerner  et  al.  [77]. 


and  Takimoto  fits  is  yo,  the  reduced  inverse  staggered  susceptibility  [103].  The 
reduced  inverse  staggered  susceptibiUty  equahng  zero  signifies  a  quantum  critical 
point  and  Fig.  4-11  shows  that  UCu4Ni  yields  a  yo  value  almost  equal  to  zero.  As 
one  approaches  x  ==  1.0  by  increasing  the  Ni  concentration  (i.e.,  coming  from  the 
ordered  side  of  the  phase  diagram),  the  yo  values  get  smaller  as  x  approaches  1.0. 
Thus,  UCu4Ni  is  at  a  quantum  critical  point.  Also,  the  C/T  values  for  x  =  1.05 
and  X  =  1.1  below  1  K  rise  faster  than  a  log  T  dependence. 

The  Wilson  ratio  values  in  Table  4-10  confirm  the  conclusions  made  by 
the  Moriya  and  Takimoto  fits.  If  one  uses  the  Wilson  ratio  intervals  defined  by 
Stewart  (magnetic:  R  ~  0.8-2.1;  nonmagnetic:  R  ~  0.56-0.75;  and  superconducting: 
R  <  0.52  [142]),  then  as  Ni  is  increased  firom  0.9  to  1.0,  the  Wilson  ratio  reveals 
that  UCu4.iNio.9  (0.92)  is  magnetic  while  UCu4Ni  (0.50)  is  nonmagnetic.  The 
Wilson  ratios  imply  that  the  antiferromagnetism  disappears  by  UCu4Ni.  Also,  it 
should  be  noted  that  just  because  the  Wilson  ratios  for  x  =  1.0  and  x  =  1.05  are 
below  0.52,  this  does  not  mean  that  UCu4Ni  and  UCu3.95Ni1.05  are  superconducting 
(similar  to  a  nonsuperconducting  CeCu2Si2  crystal  that  had  R  —  0.44  as  reported 
by  Stewart  [142]).  The  Wilson  ratio  values  should  be  viewed  as  consistent  with  the 
claim  that  UCu4Ni  is  at  a  quantum  critical  point. 

Table  4-10  and  Fig.  4-10  indicate  that  once  the  antiferromagnetic  fluctuations 
are  suppressed  by  increasing  the  Ni  concentration,  the  C/T  values  decrease 
monotonically.  This  is  seen  numerically  by  the  decrease  in  the  7  values  with 
increasing  Ni  concentration  for  x  >  0.9  in  Table  4-10  and  visually  in  Fig.  4-10. 
Not  only  are  the  magnetic  fluctuations  depressed,  but  also  the  associated  degrees  of 
freedom,  which  contribute  to  the  /-electron  part  of  the  entropy,  S  =  /(C/T)  dT,  at 
low  temperatures. 

Figure  4-12  plots  x  =  0.9,  1.0,  1.05,  1.1,  and  1.2  on  a  log-log  graph  to  dis- 
tinguish which  Ni  concentrations  are  consistent  with  the  Griflaths  phase  disorder 


model.  The  specific  heat  in  the  Griffiths  phase  model  has  C/T  ~  T~^+-^c/t  (where 
\c/T  theoretically  does  not  have  to  equal  A;^  in  x  ~  T"^"*"-^"  [73]).  The  power  law 
form  fits  the  x  =  0.9  data  above  the  antiferromagnetic  transition  over  more  than 
a  decade  of  temperature  (0.440  -  6.04  K  as  documented  in  Fig.  4-12).  The  power 
law  form  fits  the  x  =  1.0  data  over  a  much  more  limited  temperature  range  (less 
than  a  decade  of  temperature:  0.404  -  2.28  K)  and  this  behavior  will  be  addressed 
below.  As  one  increases  the  Ni  concentration  by  5%,  the  power  law  form  fits  the 
X  =  1.05  data  well  over  a  decade  of  temperature  (0.0547  -  1.66  K)  and  down  to  the 
lowest  measured  temperatures.  The  Griffiths  phase  power  law  form  fits  the  x  =  1.1 
data  fairly  well  down  to  the  lowest  measured  temperatures  but  specific  heat  values 
at  lower  temperatures  are  desired  to  confirm  if  the  Griffiths  phase  is  applicable  to 
X  =  1.1  data.  The  power  law  fit  for  the  x  =  1.2  data  begins  to  deviate  from  the 
data  at  ~  0.5  K  as  the  upward  curvature  of  the  x  =  1.2  data  increases  faster  than 
the  power  law  form.  Thus,  the  disorder  induced  Griffiths  phase  is  adjacent  to  the 
critical  Ni  concentration  of  x  =  1.0  on  both  sides  of  the  phase  diagram.  However, 
the  composition  range  for  which  Griffiths  phase  exists  is  narrow  as  the  spin  fluc- 
tuations (required  for  Griffiths  phase)  are  depressed  by  x  =  1.2  (maybe  even  for 
X  =  1.1).  The  quantum  critical  point  spin  fluctuations  at  x  =  1.0  are  surrounded 
by  Griffiths  phase  behavior  for  x  —  0.9  (above  the  antiferromagnetic  transition)  and 
x  =  1.05.  :/■' 

Since  UCu4Ni  does  not  show  Griffiths  phase  behavior  in  Fig.  4-12,  a  semilog 
dependence  for  UCu4Ni  was  discovered  by  a  semilog  fit  (i.e.,  the  solid  straight  line) 
in  Fig.  4-11.  This  C/T  ~  -log  T  dependence  covers  over  a  decade  of  temperature 
(0.0547  to  1.30  K).  The  semilog  dependence  does  not  match  the  Griffiths  phase 
disorder  model  [21],  but  does  match  predictions  by  the  Kondo  disorder  model  [11] 
and  predictions  for  a  2-dimensional  quantum  critical  point  [143].  The  semilog 
dependence  in  the  specific  heat  has  been  measured  in  3-dimensional  systems 
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such  as  Yi_^U^Pd3  [136],  Ui-^Th^PdaAla  [143],  and  Ce(Rui_^Rh^)2Si2  [143]. 
Also,  Lopez  de  la  Torre  et  al.  found  semilog  dependence  in  the  specific  heat  for 
annealed  (7  days  at  900°C)  UCu4Ni  over  a  decade  of  temperature  (0.9  -  9  K)  as 
has  been  discussed  previously  [90].  Lopez  de  la  Torre  also  mentioned  an  upturn 
in  the  specific  heat  at  ~  0.9  K  [90]  (this  upturn  causes  the  specific  heat  data 
to  increase  ~  29%  above  the  semilog  extrapolation  at  0.5  K)  that  is  not  seen 
in  Fig.  4-12.  This  upturn  may  be  some  sort  of  magnetic  second  phase  since  the 
antiferromagnetism  for  x  =  0.8  and  x  =  0.9  in  Fig.  4-12  causes  a  plateau  in  the 
specific  heat  data. 
4.6.1.2    Specific  Heat  in  Applied  Magnetic  Fields 

As  discussed  in  the  "Theory"  chapter,  the  Griffiths  phase  disorder  model  by 
Castro  Neto  and  Jones  makes  predictions  for  the  specific  heat  in  applied  magnetic 
fields  [21].  A  major  point  in  the  Griflfiths  phase  model  is  that  above  a  certain 
crossover  magnetic  field  (determined  from  magnetization  versus  field  data),  a  field 
is  induced  in  the  specific  heat  and  has  the  form  (H2+'^/2/T3--^/2)e-Me// .ff/fceT  (^^ere 
A  is  determined  from  the  low  temperature  magnetic  susceptibility  and  the  high 
field  magnetization  data).  The  peak  in  the  specific  heat  signifies  that  the  tunneling 
between  energy  levels  (i.e.,  Griffiths  phase)  has  ceased.  Another  factor  in  these 
specific  heat  discussions  will  be  how  well  the  Griffiths  phase  is  maintained  in  the 
magnetic  susceptibility  at  higher  magnetic  fields  (up  to  4  T).  Possible  correlations 
in  the  specific  heat  and  magnetic  susceptibility  at  the  same  magnetic  field  will  be 
discussed.  The  next  five  paragraphs  will  discuss  the  UCus-iNii  specific  heat  in 
various  magnetic  fields  for  x  =  0.9,  1.0,  1.05,  1.1,  and  1.2  respectively. 

The  specific  heat  for  annealed  (14  days  at  750°C)  UCu4.iNio.9  in  0,  3,  and  6  T 
magnetic  fields  is  shown  in  Fig.  4-13  on  page  108.  The  crossover  magnetic  field, 
^crossover,  for  UCu4.iNio.9  was  determined  to  be  ~  0.3  T  (from  Table  4-4),  so  a  field 
induced  peak  should  be  present  by  3  T.  However,  Fig.  4-13  shows  no  field  induced 
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peak  at  3  T  and  the  6  T  data  show  a  very  "shallow"  peak  at  lowest  temperatures. 
If  one  refers  back  to  the  dc  magnetic  susceptibility  results  in  Tables  4-8  and  4-9 
and  Fig.  C-1  in  Appendix  C,  then  2  T  dc  magnetic  susceptibility  data  fit  the 
Griffiths  phase  form  (x  ~  T"^"""-^")  very  well.  As  the  magnetic  field  is  increased  to 
3  T  and  4  T,  the  power  law  form  is  applicable  still  over  a  decade  of  temperature, 
but  the  power  law  behavior  diverges  at  the  lowest  temperatures  as  seen  in  Fig.  C- 
1.  Thus,  although  the  2,  3,  and  4  T  dc  magnetic  susceptibility  data  suggest 
possible  Griffiths  phase  behavior,  the  3  T  specific  heat  data  do  not  agree  with 
predicted  Griflaths  phase  behavior  as  shown  by  the  lack  of  a  field  induced  peak  (for 
H  >  Hcrossover)-  The  Griffiths  phase  behavior  may  exist  in  a  magnetic  field  slightly 
less  than  6  T  since  a  small  peak  begins  to  form  in  the  6  T  specific  heat  data.  Yet, 
if  Griffiths  phase  were  the  dominant  mechanism  in  UCu4.iNio,9,  then  one  would 
have  expected  a  field  induced  peak  in  the  3  T  data.  Since  there  is  no  field  induced 
peak  in  the  3  T  data,  possible  power  law  behavior  (C/T  ~  T~^+'^c'/t)  ig  searched 
for  in  the  3  T  specific  heat  data  despite  the  possible  inconsistencies  with  GriflSths 
phase  theory  (power  law  behavior  should  not  exist  for  H  >  Ucrossover)-  Figure  D-4 
in  Appendix  D  shows  the  specific  heat  in  3  T  and  6  T  fields  on  a  log-log  plot.  The 
power  law  behavior  is  over  a  limited  temperature  range  (1.42  -  4.29  K  for  H  =  3  T 
and  2.10  -  7.46  K  for  H  =  6  T).  The  data  plateau  below  1  K  for  the  3  T  and  6  T 
data  and  this  could  be  attributed  to  either  an  imminent  field  induced  peak  at  lower 
temperatures  or  the  antiferromagnetic  behavior  occurring  at  ~  0.4  K. 

The  specific  heat  for  annealed  UCu4Ni  measured  in  0,  2,  3,  and  6  T  magnetic 
fields  is  shown  in  Fig.  4-16.  The  2  T  data  show  no  signs  of  a  field  induced  peak 
despite  being  above  the  determined  crossover  magnetic  field  (1.55  T  from  Table  4- 
4)  while  the  3  T  data  are  very  similar  in  shape  to  the  3  T  data  for  UCu4.iNio.9. 
Qualitatively,  the  6  T  data  for  UCu4Ni  have  a  "deeper"  peak  than  the  6  T  peak 
for  UCu4.iNio.9.  The  2  T  data  and  3  T  data  do  not  suggest  possible  Griffiths  phase 
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behavior  occurring  (no  field  induced  peak  or  power  law  behavior  as  discussed 
below)  despite  the  dc  magnetic  susceptibility  results  for  2  T  and  3  T  indicating 
power  law  behavior  (over  almost  an  entire  decade  of  temperature  in  Table  4-8 
and  Fig.  4-9).  One  must  remember  the  zero  field  specific  heat  results  that  proved 
quantum  critical  spin  fluctuations  were  the  mechanisms  for  the  NFL  behavior 
in  UCu4Ni,  not  the  magnetic  spin  clusters  for  Griflaths  phase  behavior.  The  fit 
from  the  Griffiths  phase  model  for  magnetic  fields  above  the  crossover  field  to  the 
6  T  data  in  Fig.  4-16  is  very  poor  and  suggests  that  the  Griflftths  phase  model 
may  not  be  the  accurate  description  of  the  NFL  behavior.  Also,  the  2  T  and  3  T 
specific  heat  data  for  UCu4Ni  are  on  a  log-log  graph  in  Fig.  D-5  of  Appendix  D 
to  investigate  possible  power  law  behavior  (i.e.,  Griffiths  phase  behavior  in  spite 
of  being  above  1.55  T).  Figure  D-5  shows  that  the  power  law  behavior  is  very 
limited  in  its  temperature  range  (1.20  -  4.18  K  for  H  =  2  T  and  1.73  -  4.49  K  for 
H  =  3  T).  This  suggests  that  Griffiths  phase  behavior  (tunnehng  between  energy 
levels)  is  not  existent  at  2  and  3  T  despite  the  dc  magnetic  susceptibility  results. 

The  specific  heat  of  UCu3.95Ni1.05  measured  in  0,  2,  3,  and  6  T  magnetic 
fields  is  shown  in  Fig.  4-17.  The  2  T  data  show  no  field  induced  peak  and  suggest 
possible  Griflflths  phase  behavior  along  with  the  dc  magnetic  susceptibility  at  2  T 
which  shows  power  law  behavior  (x  ~  T~^+'^'')  over  a  decade  of  temperature  (in 
Table  4-8  and  Fig.  C-2).  Figure  D-6  in  Appendix  D  shows  that  the  2  T  specific 
heat  data  of  UCu3.95Ni1.05  do  not  signify  Griffiths  phase  behavior.  The  power  law 
behavior  of  the  2  T  specific  heat  data  is  over  a  very  limited  temperature  range 
(~  1  -  3  K).  When  the  magnetic  field  of  UCu3.95Ni1.05  is  increased  from  2  T  to 
3  T,  the  specific  heat  shows  a  field  induced  peak  at  3  T.  Yet,  the  peak  fit  from 
the  Griffiths  phase  disorder  model  is  very  poor  as  shown  in  Fig.  4-17.  The  dc 
magnetic  susceptibility  at  3  T  for  UCu3.95Ni1.05  also  indicates  that  the  Griffiths 
phase  is  not  the  correct  description  for  the  data  since  a  semilog  dependence  fits 
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the  UCu3.95Ni1.05  dc  magnetic  susceptibility  at  3  T  more  accurately  (i.e.,  over  a 
wider  temperature  range  in  Table  4-8).  The  3  T  specific  heat  and  dc  magnetic 
susceptibility  data  for  UCu3.95Ni1.05  are  suggestive  of  a  more  complex  model  (than 
the  Griffiths  phase  disorder  model)  that  might  include  elements  of  the  Griffiths 
phase  disorder  model.  The  6  T  specific  heat  data  for  UCu3.95Ni1.05  also  display 
a  field  induced  peak  which  has  greater  depth  than  the  6  T  field  induced  peak  for 
UCu4Ni  (12.2  mJ  mole"^  K'^  for  UCua.gsNii.os  versus  5.98  mJ  mole"^  K'^  for 
UCu4Ni  where  depth  is  defined  as  the  difference  between  the  maximum  AC/T 
value  on  the  peak  and  the  AC/T  value  at  the  lowest  measured  temperature). 
However,  Fig.  4-17  shows  that  the  field  induced  equation  from  the  Griffiths  model 
does  not  fit  the  6  T  UCu3.95Ni1.05  specific  data  very  well.  Although  the  specific  heat 
data  of  UCu3.95Ni1.05  in  magnetic  fields  qualitatively  match  the  predictions  of  the 
Griffiths  model  by  having  the  field  induced  peak  move  up  to  higher  temperatures 
and  broaden  with  increasing  magnetic  field  as  occurred  in  Cei_3;Laa;RhIn5  [73]  and 
Cei-iThj-RhSb  [74],  the  quantitative  description  of  the  Griffiths  phase  model  for 
field  induced  peaks  (C/T  -  (E^+^/yT^-^/^^^-f^^ffH/ksT  [21])  does  not  describe  the 
specific  heat  data  of  UCu3.95Ni1.05  in  magnetic  fields  well. 

The  specific  heat  data  of  UCu3.9Nii.i  in  0,  3,  and  6  T  magnetic  fields  are 
shown  in  Fig.  4-14.  The  3  T  specific  heat  data  of  UCu3.9Nii.i  show  a  field  induced 
peak  at  3  T  (as  expected  by  the  determined  crossover  field  of  1.9  T  in  Table  4-4). 
Yet,  just  as  occurred  for  the  3  T  UCu3.95Ni1.05  heat  capacity  data,  the  Griffiths 
phase  model  does  not  match  the  3  T  specific  heat  data  for  UCu3.9Nii.i.  A  possible 
hint  of  the  Griffiths  model  not  being  correct  is  provided  by  the  dc  magnetic  sus- 
ceptibility results  at  3  T  in  Table  4-8.  A  semilog  equation  fits  the  UCu3,9Nii.i  dc 
magnetic  susceptibility  more  accurately  than  a  power  law  equation.  This  suggests 
that  tunneling  between  energy  levels  in  a  Griffiths  phase  is  not  the  accurate  de- 
scription at  3  T  for  UCu3.9Nii.i.  Interestingly,  the  6  T  data  for  UCu3.9Nii.i  are  fit 
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very  well  by  a  Griffiths  phase  field  induced  peak  over  almost  the  entire  tempera- 
ture range  (0.372  to  8.22  K)  in  Fig.  4-14.  A  possible  explanation  for  the  good  fit 
at  6  T  may  be  taken  from  Fig.  2-2  of  the  "Theory"  chapter  where  the  3  T  data 
may  be  too  close  to  the  crossover  behavior  line,  T  ~  H,  and  the  scaling  becomes 
muddled.  However,  once  H  is  increased,  the  scaling  of  the  specific  heat  becomes 
gA(H/T)  ~  (H/T)2+V2e-i?/T  ^  g^own  in  Fig.  2-2. 

The  final  specific  heat  data  measured  in  magnetic  fields  concern  UCu3.8Nii.2 
in  Fig.  4-15.  Unfortunately,  the  dc  magnetic  susceptibility  for  UCu3.8Nii.2  gave 
no  hints  about  possible  Griffiths  phase  behavior  since  power  law  behavior  (or 
semilog  behavior)  was  not  observed  over  one  decade  of  temperature  for  any  of  the 
magnetic  fields.  A  peak  is  not  seen  in  the  3  T  UCu3.8Nii.2  specific  heat  data  which 
is  consistent  with  the  crossover  magnetic  field  of  3.3  T  stated  in  Table  4-4.  The 
3  T  specific  heat  data  of  UCu3.8Nii.2  is  explored  further  in  Fig.  D-7  of  Appendix  D. 
The  power  law  behavior  (i.e.,  Griffiths  phase  behavior,  C/T  ~  T^^+'^cr/r)  is  over  a 
very  limited  temperature  range  (~  1  -  3.5  K)  and  this  may  be  due  to  the  proximity 
of  the  crossover  field  to  3  T  and  the  scaling  function  in  Fig.  2-2  may  become 
"blurred"  (a  similar  argument  was  suggested  for  the  3  T  specific  heat  UCu3.9Nii.i 
data).  As  the  magnetic  field  is  increased  firom  3  T  to  6  T,  the  field  induced  peak 
form  of  the  Castro  Neto-Jones  model  fits  the  6  T  UCu3.8Nii.2  specific  heat  data 
over  almost  a  decade  of  temperature  (0.381  to  3.77  K)  in  Fig.  4-15.  This  is  very 
similar  to  the  UCu3.9Nii.i  results  except  that  the  Griffiths  theory  in  the  high 
magnetic  field  limit  fits  the  6  T  UCus.gNii.i  specific  heat  data  over  a  Uttle  larger 
temperature  range.  The  smaller  temperature  range  for  6  T  UCu3.8Nii,2  data  may 
suggest  the  start  of  deviation  from  Griffiths  phase  behavior. 

The  discussion  of  the  specific  heat  data  in  magnetic  fields  has  raised  an 
interesting  point  and  that  concerns  the  evolution  of  the  6  T  specific  heat  data  for 
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UCus-xNia;  samples  that  are  above  the  critical  concentration  of  x  =  1.0.  Figure  4- 
19  shows  the  6  T  specific  heat  data  for  x  =  1.0,  1.05,  1.1,  and  1.2.  The  depths  of 
the  peaks  (as  defined  earlier)  in  Fig.  4-19  are  5.98,  12.2,  12.1,  and  3.68  for  x  =  1.0, 
1.05,  1.1,  and  1.2  respectively.  The  conclusions  drawn  from  the  zero  magnetic 
field  specific  heat  data  were  that  quantum  critical  fluctuations  were  the  dominant 
mechanism  for  x  =  1.0  while  x  =  1.05  (and  possibly  x  =  1.1)  had  Griffiths  phase 
disorder  fluctuations  and  x  =  1.2  did  not  show  Griffiths  phase  behavior  very  well. 
A  possible  correlation  may  exist  between  the  depths  of  these  peaks  at  6  T  and  the 
fluctuations  responsible  for  the  NFL  behavior  with  the  "deeper"  peaks  (in  x  =  1.05 
and  X  =  1.1)  corresponding  to  Griffiths  phase  fluctuations.  Also,  Fig.  4-19  shows 
that  for  temperatures  above  the  field  induced  peak,  the  specific  heat  values  for 
X  =  1.0  and  x  =  1.05  decrease  monotonically  (almost  linearly)  while  the  x  =  1.1 
and  X  ==  1.2  (better  seen  in  Fig.  4-15)  data  show  curvature  above  the  field  induced 
peaks.  The  curvature  (which  helps  the  Castro  Neto-Jones  model  fit  the  data  so 
well)  for  X  =  1.1  continues  up  to  ~  6  K  while  the  curvature  for  x  =  1.2  continues 
up  to  ~  4  K.  Beyond  the  two  temperatures  just  mentioned,  the  x  =  1.1  and  1.2 
data  fall  monotonically  like  the  x  =  1.0  and  x  =  1.05  data.  The  curvature  evolving 
into  a  monotonic  decrease  might  suggest  that  UCua.gNii.i  and  UCu3.8Nii.2  have  a 
secondary  magnetic  phase  transition. 

The  specific  heat  data  when  combined  with  the  dc  magnetic  susceptibility 
data  portray  a  pretty  unclear  story  concerning  the  Griffiths  phase  theory  for  the 
UCu5_a;Nij;  system.  UCu4Ni  is  the  concentration  on  the  phase  diagram  where 
the  quantum  critical  point  occurs  and  the  zero  field  UCu4Ni  specific  heat  data 
suggest  quantum  critical  spin  fiuctuations  to  be  the  primary  mechanisms  for 
the  NFL  behavior.  The  Griflaths  phase  theory  does  not  fit  the  UCu4Ni  specific 
heat  data  in  magnetic  fields,  but  the  dc  magnetic  susceptibility  data  at  higher 
magnetic  fields  (i.e.,  above  the  crossover  magnetic  field)  indicate  power  law 
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Figure  4-19:  Specific  heat  data  at  6  T  for  UCug-a^Ni^  samples.  Annealed  (14  days 
at  750°C)  samples  are  UCu4Ni,  UCu3.95Ni1.05,  UCua.gNii.i,  and  UCua.gNii.a.  The 
specific  heat  values  had  their  lattice  and  Schottky  anomaly  contributions  sub- 
tracted off:  AC/T  =  C/T  -  (O.ITST^  +  0.001  IT^)  -  (5-x)0.118/T3  where  x  is  the 
number  of  moles  of  Ni  for  each  sample.  The  indicated  shifts  in  the  data  are  for 
improved  clarity. 
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behavior  (x  ~  T"^+'^''),  predicted  by  the  Griffiths  phase  theory  at  fields  lower 
than  the  crossover  magnetic  field.  If  the  Ni  concentration  is  increased  by  5%, 
then  the  zero  magnetic  field  specific  heat  data  indicate  Griffiths  phase  behavior. 
However,  the  UCu3.95Ni1.05  specific  heat  data  in  magnetic  fields  do  not  match  the 
predictions  made  by  the  Griffiths  phase  theory.  The  dc  magnetic  susceptibility  goes 
from  power  law  behavior  at  2  T  to  semilog  behavior  (predicted  in  a  two-channel 
Kondo  model  [143])  at  3  T.  The  Griffiths  phase  theory  matches  the  UCua.gNii.i 
specffic  heat  data  at  6  T  well  while  semilog  behavior  covers  a  wider  temperature 
range  in  the  3  T  dc  magnetic  susceptibility  data  than  power  law  behavior.  The 
Castro  Neto-Jones  model  matches  the  UCu3.8Nii.2  specffic  heat  data  at  6  T  over  a 
more  limited  temperature  range  (compared  to  UCua.gNii.i)  while  the  dc  magnetic 
susceptibility  (between  1  kG  and  4  T)  gives  no  hint  about  a  possible  theoretical 
model  since  semilog  and  log-log  relationships  are  over  limited  temperature  ranges. 

Clearly,  the  data  show  that  no  known  theoretical  model  to  date  can  predict  all 
the  intricate  behaviors  presented  in  the  specific  heat  and  dc  magnetic  susceptibihty 
data.  Magnetic  spin  clusters  that  allow  tunneling  to  occur  between  energy  levels 
(the  premise  upon  which  the  Griffiths  phase  theory  is  based)  may  be  part  of  the 
correct  theory  since  there  are  elements  of  the  Castro  Neto-Jones  model  that  explain 
some  of  the  data  correctly. 
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Table  4-1:  Lattice  parameter  values  for  the  nine  UCus-jNix  compounds.  au„  and 
c^aun  represent  the  lattice  parameter  values  for  the  unannealed  UCus-^Nia;  com- 
pounds and  the  corresponding  errors  associated  with  the  unannealed  compounds. 
Likewise,  a.an  and  a^^^  represent  the  lattice  parameter  values  for  UCus-^Nix  com- 
pounds annealed  for  14  days  at  750°C  and  their  associated  error  bars. 


X  (Ni  cone): 

aun(A): 

^^n  (A): 

Sian  (A): 

<^aa„  (A): 

0.5 

7.00891 

0.00232 

7.01007 

0.00432 

0.6 

7.01762 

0.00520 

7.00217 

0.00277 

0.75 

6.99817 

0.00450 

6.99054 

0.00260 

0.8 
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Table  4-5:  AC  susceptibility  results  for  select  UCus-^^Nij  samples.  AC  susceptibil- 
ity was  run  for  UCus  (unannealed),  UCu4.5Nio.5  (unannealed  and  annealed),  and 
UCu4.4Nio.6  (unannealed  and  annealed).  The  ac  susceptibility  measurements  were 
performed  on  a  SQUID  with  a  temperature  range  of  2  K  to  300  K.  The  T^v  value 
was  determined  by  finding  the  temperature  value  where  a  peak  in  the  real  compo- 
nent, x',  of  the  ac  susceptibility  data  was  located.  AC  susceptibility  measurements 
were  performed  at  three  different  frequencies:  9.5  Hz,  95  Hz,  and  950  Hz. 


X- 

Ni  cone: 

unann./ 
ann.  (14  d.  750°C): 

9.5  Hz: 

T^N{x'Ac)m 

95  Hz: 

T^Nix'ACm] 

950  Hz: 

0 

unann. 

17  ±0.25 

16.5  ±0.25 

16.75  ±  0.25 

0.5 

unann. 

7.50  ±  0.25 

6.75  ±  0.25 

8.00  ±0.50 

0.5 

ann. 

6.10  ±0.10 

6.00  ±0.10 

6.50  ±0.25 

0.6 

unann. 

3.76  ±  0.25 

4.01  ±  0.25 

3.76  ±0.25 

0.6 

ann. 

4.01  ±0.10 

4.31  ±0.10 
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Table  4-6:  DC  magnetic  susceptibility  results  for  annealed  UCus-xNij.  The 
UCus-iNia;  samples  were  annealed  for  14  days  at  750°C.  The  x  values  at  2  K 
are  reported  with  their  standard  deviation  value  (not  the  standard  deviation  of  the 
mean).  The  UCu4.5Nio.5  and  UCu4.4Nio.6  samples  had  their  low  temperature  x  val- 
ues reported  at  6.0  K  and  3.5  K  respectively,  i.e.,  the  temperature  values  where  the 
low  temperature  susceptibility  was  a  maximum.  The  //g//.  values  were  determined 
with  a  Curie-Weiss  fit  for  susceptibility  values  above  the  reported  high  temperature 
peaks.  The  x(T  =  0  K)  values  were  extrapolated  from  low  temperature  susceptibil- 
ity data  (<  10  K)  using  a  fifth  order  polynomial  fit.  All  x  data  in  this  table  were 
measured  in  a  1000  Gauss  field. 


X- 

Ni  cone: 

X(T  =  2K)±<7^ 
(memu  mole  ^  G~^): 

/^e//.(/iB): 

Hi-T 
peak  (K): 

X(T  =  0K) 
(memu  mole  ^  G~^): 

0.5 

8.7  ±  0.1 

3.35 

140  K 

0.6 

8.2  ±  0.4 

3.09 

115  K 

0.75 

10.1  ±  0.5 

3.23 

125  K 

16.3 

0.8 

10.3  ±  0.1 

3.34 

125  K 

16.0 

0.9 

7.6  ±  0.3 

2.79 

130  K 

11.8 

1.0 

5.8  ±  0.2 

3.37 

130  K 

8.2 

1.05 

4.7  ±  0.2 

3.59 

155  K 

6.2 

1.1 

5.1  ±  0.5 

3.56 

135  K 

6.1 

1.2 

3.8  ±  0.4 

3.32 

150  K 

4.1 
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Table  4-10:  Specific  heat  results  for  annealed  UCus-xNij  samples.  The  UCu5_a;Nij; 
samples  were  annealed  14  days  at  750°C.  The  T^iei  values  were  obtained  from  spe- 
cific heat  measurements  in  H  =  0  T  as  exemplified  in  Fig.  D-1.  The  yo  values  were 
calculated  from  Moriya  and  Takimoto  fits  shown  in  Fig.  4-11.  The  Xc/t  values 
were  garnered  from  the  fits  displayed  in  Fig.  4-12.  The  7  values  were  extrapolated 
from  fifth  order  polynomial  fits  of  the  specific  heat  over  the  entire  measured  tem- 
perature range.  The  Wilson  ratios  were  calculated  using  218.7  x(T  =  0)/7/i^yy. 
where  x(T  =  0)  and  Heff.  are  listed  in  Table  4-6. 


X 

(Ni  cone): 

(K): 

yo: 

Xc/T  in  C/T 

7  (mJ 
mole-^  K-2): 

R  (Wilson 
Ratio): 

0.6 

4.06  ±  0.33 

0.75 

1.82  ±  0.03 

254 

1.4 

0.8 

1.27  ±  0.06 

0.065 

273 

1.2 

0.9 

0.426  ±  0.035 

0.011 

0.628 

359 

0.92 

1.0 

0.00013 

0.630 

318 

0.50 

1.05 

0.739 

234 

0.45 

1.1 

0.799 

148 

0.71 

1.2 

0.903 

96.2 

0.85 

:        V  .  ^:  CHAPTERS  ■       • 

UCuaSia-xGe^  RESULTS  AND  DISCUSSION 

The  UCuaSia-xGe^  samples  (x  =  0,  0.2,  0.4,  0.6,  1,  1.4,  1.6,  1.8,  and  2)  were 
broken  in  half  after  arc-melting.  One  half  had  its  dc  magnetic  susceptibility  mea- 
sured; several  unannealed  compounds  had  their  dc  electrical  resistivity  measured. 
The  other  half  of  each  sample  was  annealed  for  14  days  at  875°C.  The  length  of 
time  and  temperature  at  which  annealing  occurred  gave  small  mass  losses  (<  0.5  % 
of  the  total  mass  of  the  sample  to  be  annealed)  and  the  sharpest  magnetic  tran- 
sitions (these  transitions  are  discussed  below).  The  sample  of  UCu2Ge2  (made  in 
year  2002,  listed  in  Table  5-4)  was  only  annealed  for  10  days  at  875°C  due  to  the 
larger  mass  loss  (1.21%  of  the  total  mass  of  the  sample  was  lost  during  annealing) 
observed  in  the  pure  Ge  compound.  Two  other  samples  of  UCu2Ge2  (made  in 
years  2003  and  2004  that  are  characterized  in  Table  5-4)  were  arc-melted  with 
excess  Cu  and  Ge  mass  (as  discussed  in  the  "Experimental  Techniques"  chapter) 
to  compensate  for  the  mass  loss  during  annealing  and  were  then  annealed  for  14 
days  at  875°C.  X-ray  diffraction  peaks  of  UCu2Si2  and  UCu2SiGe  showed  single 
phase  samples  in  the  tetragonal  ThCr2Si2  structure.  Lattice  parameters  were  not 
necessary  since  the  interest  is  in  the  magnetic  properties  of  the  UCu2Si2-xGea; 
compounds.  .  \ 

The  UCu2Si2-xGex  compounds  had  their  dc  magnetic  susceptibility  measured 
in  a  1000  Gauss  (G)  magnetic  field.  The  dc  magnetic  susceptibility  was  measured 
in  a  SQUID  from  2  K  to  300  K  with  a  particular  emphasis  (enhanced  temperature 
resolution)  from  95  K  to  115  K,  the  range  over  which  Tc  occurs  in  UCu2Si2-xGex. 
In  order  to  eliminate  as  much  as  possible  effects  due  to  preferred  crystalline 
orientation,  each  sample  was  aligned  such  that  the  bottom  of  the  sample  that 
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touched  the  copper  hearth  on  the  arc-melter  after  the  final  arc-melt  was  parallel  to 
the  SQUID'S  magnetic  field.  The  orientation  of  all  samples  was  consistent. 

The  dc  magnetic  susceptibility  versus  temperature  data  were  used  to  deter- 
mine the  Tc  value  for  each  compound.  Tc  was  taken  to  be  the  inflection  point  on 
the  x(T)  curve,  i.e.,  the  temperature  where  d^x/dT^  =  0.  Although  this  method 
seems  arbitrary,  previous  works  have  used  the  same  method  to  determine  Tc  for 
UCu2Si2  [128,  127].  The  computer  program  MicroCal  Origin  5.0  was  used  to  calcu- 
late the  numerical  derivatives.  In  order  to  calculate  the  first  derivative,  the  average 
of  the  slopes  of  two  adjacent  points  for  each  data  point,  (Ti,Xi),  is  taken  using  the 
following  generic  equation: 


dx  _  1  /^  Xi+i  -Xi        Xi-  Xi-i 


dT      2  VTi+i-Ti       T,-T,_i 
Then,  the  second  derivative  is  taken  by  following  the  same  procedure  above  using 
first  derivative  data  points.  The  temperature  where  d^^/dT^  =  0  is  then  the 
Tc  value.  A  graph  demonstrating  the  Tc  determination  for  annealed  UCu2Ge2 
is  shown  on  page  138.  The  uncertainty  in  the  Tc  values  is  then  the  temperature 
interval  around  Tc  for  which  susceptibility  values  were  taken.  In  most  cases  the 
interval  was  0.5  K  while  some  measurements  were  taken  in  0.25  K  intervals. 

The  dc  electrical  resistivity  for  each  compound  was  measured  for  at  least 
one  decade  of  temperature:  1  K  <  T  <  10  K.  The  low-temperature  resistivity 
data  were  then  fit  to  a  three  variable  power  law  form:  p  =  po  +  AT''.  The 
absolute  accuracy  of  the  resistivity  is  ~  4%  with  almost  all  of  the  uncertainty 
stemming  from  the  geometrical  factors  of  the  resistivity  bars  (the  uncertainty  for 
the  dimensions  of  the  resistivity  bar  is  0.001  in.  while  each  dimension  is  on  the 
order  of  0.030  in.).  However,  the  temperature  precision  is  good  enough  (especially 
for  the  annealed  samples)  to  determine  the  resistivity  as  a  function  of  temperature 
(i.e.,  the  exponent  a  mentioned  above)  quite  accurately.  An  example  of  the 
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Figure  5-1:  Tc  determination  for  annealed  UCu2Ge2.  The  hollow  squares  are 
the  magnetic  susceptibility  values  versus  temperature  around  the  ferromagnetic 
transition  of  annealed  UCu2Ge2.  The  solid  line  is  the  numerical  second  derivative 
showing  that  Tc  occurs  at  108.4  K. 
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precision  is  shown  for  the  annealed  sample  of  UCu2SiGe  in  Fig.  5-2  on  page  140. 
Finally,  resistivity  values  at  room  temperature  (i.e.,  ~  300  K)  were  taken  for  each 
sample  in  order  to  determine  the  RRR  values,  p(300K)/p(0). 

5.1    UCu2Si2-xGea.  Results 

The  UCu2Si2_a;Gex  results  are  shown  extensively  in  four  tables  at  the  end  of 
this  chapter.  The  first  two  tables  on  pages  153  and  154  concern  data  for  unan- 
nealed  UCu2Si2-xGea;  compounds  while  the  last  two  tables  on  pages  155  and  156 
show  data  for  UCu2Si2-xGex  compounds  annealed  14  days  at  875°C  (except  for  one 
UCu2Ge2  sample  as  indicated).      .    ,. 

A  few  general  comments  may  be  made  concerning  the  tables  of  data.  First, 
if  one  compares  the  Tc  interval  (the  temperature  range  where  the  numerical 
second  derivative  goes  from  its  minimum  value  to  its  maximum  value  as  seen 
in  Fig.  5-2)  for  unannealed  samples  and  then  the  exact  same  samples  that  were 
annealed  for  14  days  at  875°C,  one  sees  that  generally  the  Tc  interval  is  narrower 
for  the  annealed  samples.  Therefore,  these  better  ordered  samples  were  used  to 
check  the  theory  of  Silva  Neto  and  Castro  Neto  [137].  The  narrower  Tc  interval 
justifies  the  previous  statement  that  annealing  does  "sharpen"  the  ferromagnetic 
transition.  Also,  particular  attention  was  paid  to  the  actual  stoichiometry  of 
the  UCu2Si2-iGei  compounds  as  seen  in  the  tables  (using  the  assumptions  for 
mass  losses  mentioned  in  the  "Experimental  Techniques"  chapter).  These  actual 
stoichiometrics  show  that  minor  changes  in  the  stoichiometry  for  the  annealed 
UCu2Ge2  samples  (in  Table  5-4)  have  a  negligible  effect  upon  the  Tc  values 
(taking  into  consideration  the  error  bars  for  Tc).  The  original  annealed  UCu2Ge2 
sample  (i.e.,  the  one  made  in  year  2002)  and  the  annealed  "check"  samples  (the 
ones  made  in  years  2003  and  2004)  have  nearly  identical  Tc  values:  108.4  K  (year 
2002),  108.9  K  (year  2003),  and  108.7  K  (year  2004).  The  average  of  these  three 
annealed  UCu2Ge2  samples  is  ~  108.7  K.  This  average  is  within  the  experimental 
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Figure  5-2:  Resistivity  versus  temperature  for  UCu2SiGe.  UCu2SiGe  was  an- 
nealed for  14  days  at  875°C.  The  graph  shows  the  good  precision  at  which 
the  resistivity  values  were  obtained.  The  power  law  fit  in  the  graph  yields 
p(0,  a:  =  1.0)  =  1328  /if]  cm,  A  =  0.0426  fi^  K'^-^  and  a  =  2.33.  Graph  is  taken 
from  the  work  of  Silva  Neto  et  al.  [138]. 
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uncertainty  of  all  three  annealed  UCu2Ge2  Tc  values.  On  the  opposite  side  of 
the  UCu2Si2-iGei  phase  diagram,  the  annealed  UCu2Si2  samples  do  show  some 
deviations  in  Tc-  The  original  annealed  UCu2Si2  sample  (year  2002)  and  the 
annealed  check  sample  (year  2004)  deviate  by  about  2%:  102.9  K  (year  2002) 
versus  100.7  K  (year  2004).  In  addition,  the  average  of  these  two  annealed  UCu2Si2 
samples  (101.8  K)  is  outside  the  uncertainty  of  the  two  annealed  UCu2Si2  Tc 
values.  However,  the  data  show  that  the  nonmonotonic  behavior  in  Tc  is  on 
the  Ge  rich  side;  thus,  effects  on  Tc  caused  by  deviations  in  stoichiometry  are 
experimentally  shown  to  be  moot  for  this  study.  In  fact,  the  nonmonotonic 
behavior  area  of  the  annealed  UCu2Si2-iGei  phase  diagram  was  completely 
redone  with  annealed  UCu2Ge2,  UCu2Sio.4Gei.6,  and  UCu2Sio.6Gei.4  samples  made 
again  in  the  year  2004  as  shown  in  Table  5-4  on  page  156.  The  new  UCu2Ge2, 
UCu2Sio.4Gei.6,  and  UCu2Sio.6Gei,4  samples  (made  in  year  2004)  are  more  accurate 
in  their  actual  concentrations  (to  the  nominal  stoichiometry)  compared  to  the 
original  UCu2Ge2,  UCu2Sio.4Gei.6,  and  UCu2Sio.6Gei.4  samples  (made  in  year  2002). 
The  nominal  concentrations  UCu2Ge2,  UCu2Sio.4Gei.6,  and  UCu2Sio.6Gei.4  made 
in  the  year  2002  had  actual  concentrations  of  UCu1.93Ge1.95,  UCu1.97Sio.39Ge1.59, 
and  UCu1.97Sio.58Ge1.38  (using  the  mass  loss  assumptions  for  Cu,  Si,  and  Ge  as 
discussed  in  the  "Experimental  Techniques"  chapter)  compared  to  the  year  2004 
actual  concentrations  of  UCu1.96Ge1.96,  UCu1.98Sio.41Ge1.58,  and  UCu1.99Sio.59Ge1.38. 
The  Tc  values  and  their  respective  error  bars  in  Table  5-4  for  the  aforementioned 
year  2002  samples  almost  exactly  match  (within  their  error  bars)  the  Tc  values  for 
the  more  accurate  year  2004  samples.  Thus,  the  nonmonotonic  behavior  in  Tc  is 
confirmed.  ■   -  '■■ 

One  point  that  should  be  noted  concerns  the  effect  annealing  has  upon  the 
UCu2Ge2  samples.  The  original  sample  and  the  check  samples  undergo  almost 
exactly  the  same  losses  of  Cu  and  Ge  atoms  (based  on  elemental  vapor  pressure 


142 

tables)  during  annealing:  about  a  2%  decrease  in  the  Cu  and  Ge  concentrations. 
However,  the  change  with  annealing  in  the  ferromagnetic  transition  temperature 
is  consistently  the  same  for  all  three  UCu2Ge2  samples:  a  2.5  K  rise  for  the  2002 
and  2003  samples  (2002  -  from  105.9  K  for  unannealed  in  Table  5-2  to  108.4  K  for 
annealed  in  Table  5-4;  2003  -  from  106.4  K  for  unannealed  in  Table  5-2  to  108.9  K 
for  annealed  in  Table  5-4)  and  a  2.6  K  rise  for  the  2004  sample  (from  106.1  K  for 
unannealed  in  Table  5-2  to  108.7  K  for  annealed  in  Table  5-4;  one  sample  was 
made  unannealed  while  the  other  sample  was  made  for  annealing  purposes). 

A  brief  scan  of  the  resistivity  data  in  both  tables  shows  that  all  low  temper- 
ature resistivity  data  (except  for  unannealed  UCu2Sio.4Gei.6)  fit  a  power  law  form 
very  close  to  po  +  AT^.  Thus,  the  resistivity  data  fit  a  Fermi-liquid  form  and  the 
T^  variation  was  predicted  by  Kaiser  and  Doniach  [70]  for  conduction  electrons 
(in  this  case,  Cu  electrons)  scattering  from  localized  spin  fluctuations  (i.e.,  the 
localized  U  spins).  Also,  large  residual  resistivity  (po)  values  were  obtained  for 
annealed  samples  where  Si/Ge  doping  was  greatest  and  some  of  the  po  values  are 
on  the  order  of  the  loffe- Kegel  values  (~  200-1000  fiilcm),  the  theoretical  limit  for 
metallic  conduction  [89]. 

5.2    UCu2Si2-xGea  Discussion 
5.2.1    Tc  Enhancement 

The  original  annealed  UCu2Si2-xGei  samples  (made  in  year  2002)  show 
that  Tc  as  a  function  of  Ge  doping,  x,  is  not  monotonic.  In  fact,  the  x  =  1.6 
sample  has  a  maximum  Tc  value  of  109.8  K,  an  increase  of  1.29%  from  the  Tc 
value  of  the  annealed  UCu2Ge2  sample  (108.4  K).  This  is  in  agreement  with  the 
prediction  made  by  the  theory  of  Silva  Neto  and  Castro  Neto  that  for  small  enough 
dissipation,  a  1%  increase  of  Tc  with  respect  to  the  case  of  no  dissipation  would 
result  [137].  Now,  the  phrase  "small  enough  dissipation"  may  be  quantified  for 
the  case  of  UCu2Si2-iGex,  a  value  of  x  =  1.6  or  20%  Si  doping  on  the  Ge  site. 
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The  phase  diagram  for  the  original  annealed  UCu2Si2-xGea;  samples  is  shown  in 
Fig.  5-3  on  page  144.  The  theoretical  hne  drawn  in  Fig.  5-3  is  from  Silva  Neto  et 
al.  that  takes  into  account  both  spin  fluctuations  and  dissipation  introduced  by  the 
electronic  bath  [138].  The  continuous  line  is  from  the  following  equation  [138,  137]: 


go  ~  y    (27r)3  J_^o    TT 


d^k     riJ  da;        k7o(k£)a;nB(a;/Tc) 


(5.2) 


[k(k2-coa;)]2  +  [7o(k^)a;]2' 

where  nB(a;/Tc)  =  (e'^/'^^  -  1)~^  is  the  Bose-Einstein  distribution  function, 
r^^  =  (2kF)^k/7o(k£)  is  an  energy  cutoflF,  go  —  Na/2JHJ^  is  the  coupling  constant, 
Co  =  l/JkJa^  is  the  topological  constant,  and  Jb  =  J'^(kFa)^/47r^EF[l  -  a^N(0)Uc]. 
Jn  plays  the  role  of  the  effective  exchange  between  the  U  /  states  and  conduction 
electrons.  In  the  calculation  (units  were  used  where  ^  =  ke  =  1),  further  definitions 
include  N(0)  =  m*kF/7r2,  the  density  of  states  at  the  Fermi  energy  Ep  =  kp/2m*; 
kp  =  {Sir'^ny^^,  the  Fermi  wave  vector;  n  =  Ne/a^,  the  electronic  density  per 
unit  cell  with  lattice  spacing  a  (a  =  asi(2  —  x)/2  +  aGex/2  where  asi  =  5.4  A 
and  ace  =  5.527  A  were  chosen  so  that  the  volume  of  the  tetragonal  unit  cell 
was  reproduced  [138]);  i  is  the  electronic  mean  free  path;  vf  =  kp/m*,  the  Fermi 
velocity;  and  the  dissipation  coefficient,  7o(k£),  is  from  Fulde  and  Luther  [50]: 

arctan(k^) 


7o(k^)  = 


8\4 


vf[1  -  a3N(0)Uc]  1  -  (k£)-i  arctank^  " 

The  mathematical  details  of  using  Eq.  5.2  to  create  the  continuous  line  in  Fig.  5 
3  is  beyond  the  scope  of  this  dissertation.  However,  Fig.  5-3  shows  excellent 
agreement  between  the  theoretical  line  and  the  experimental  data. 
5.2.2     Resistivity  displaying  electrons  in  the  ballistic  or  diffusive  regime 

The  data  in  Fig.  5-3  raises  an  interesting  question.  A  small  amount  of  Si 
doping  on  the  Ge  site  induces  nonmonotonic  behavior  in  Tc-  Thus,  one  might 
ask  why  a  small  amount  of  Ge  doping  on  the  Si  site  does  not  induce  a  similar 
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Figure  5-3:  Tc  phase  diagram  for  UCu2Si2-xGei.  The  phase  diagram  plots  Curie 
temperature  values  (Tc)  as  a  function  of  Ge  doping.  The  experimental  values  are 
the  hollow  squares  while  the  solid  line  is  from  the  theoretical  efforts  of  Silva  Neto 
et  al.  as  described  in  the  text.  This  figure  was  taken  from  the  work  of  Silva  Neto 
et  al.  [138].  The  vertical  error  bar  for  each  data  point  is  0.5  K  as  described  in  Ta- 
bles 5-3  and  5-4. 
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nonmonotonic  behavior  in  Tc?  A  partial  answer  is  provided  with  an  investigation 
of  the  annealed  UCu2Si2-iGej;  resistivity. 

The  annealed  UCu2Si2-xGei  low  temperature  resistivity  results  show  a 
Fermi-liquid  form  (the  temperature  dependence  for  all  samples  is  very  close  to 
T^),  implying  that  the  Cu  conduction  electrons  are  being  scattered  by  magnetic 
excitations  [70].  If  the  residual  resistivity  values  for  the  UCu2Si2-iGej;  samples, 
p(0,  x),  are  assumed  to  take  a  functional  form  of  a  random  binary  alloy  [138],  then 
p(0,  x)  =  psi{2  -  x)/2  +  pGex/2  +  px(2  -  x)  where  psi  is  the  po  value  for  annealed 
UCu2Si2  (8.44  ^iQ  cm),  pce  is  the  po  value  for  annealed  UCu2Ge2  (159  nQ  cm), 
and  p  is  the  contribution  from  Nordheim's  rule  [167].  The  above  functional  form 
for  a  random  binary  alloy  is  expected  to  be  parabolic;  however,  a  brief  look  at 
the  Po  values  for  annealed  UCu2Si2-xGej  samples  in  Tables  5-3  and  5-4  reveals 
a  non-paxabolic  nature.  One  would  expect  the  largest  po  value  to  occur  where 
the  most  disorder  was  created,  i.e.,  at  UCu2SiGe.  Yet  the  data  reveals  a  local 
maximum  po  value  occurring  for  UCu2Sio.4Gei.6,  the  same  compound  that  also  has 
the  maximum  Tc  value  in  Fig.  5-3.  The  reason  that  the  UCu2Si2-xGex  compounds 
do  not  obey  the  random  binary  alloy  form  may  be  attributed  to  microcracks  in 
the  UCu2Si2-xGei  samples  due  to  internal  stresses  arising  from  doping  [138].  The 
microcrack  effects  were  cancelled  out  by  dividing  the  residual  resistivity  of  each 
sample,  p(0,x),  by  the  room  temperature  resistivity  of  each  sample,  p(300K,x). 
Hence,  one  obtains  the  reciprocal  of  the  RRR  values  listed  in  Tables  5-3  and  5- 
4.  A  plot  of  RRR~^  for  annealed  UCu2Si2-xGei  compounds  and  the  theoretical 
function  for  a  random  binary  alloy  are  shown  in  Fig.  5-4.  The  functional  form  for  a 
random  binary  alloy,  psi{2  -  x)/2  +  pGex/2  +  px(2  -  x),  also  has  to  be  normalized. 
p(0K)/p(300K)  for  annealed  UCu2Si2  is  ~  0.0159  and  replaces  psi  in  the  previous 
equation.  p(0K)/p(300K)  for  annealed  UCu2Ge2  is  ~  0.164  and  replaces  pce  in 
the  above  equation.  The  normalized  p  from  Nordheim's  rule  (based  upon  theory 
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Figure  5-4:  The  reciprocal  RRR  values  for  annealed  UCu2Si2-xGex.  Hollow  squares 
represent  the  UCuaSiQ-xGcx  compounds  (made  in  year  2002).  The  solid  line  is 
a  theoretical  function  for  a  random  binary  alloy  by  Silva  Neto  et  al.  [138]  as  de- 
scribed in  the  text.  The  absolute  accuracy  of  each  normalized  residual  resistivity 
value  is  less  than  0.5%. 
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of  transport  phenomena  in  solids  [138])  that  was  used  in  Fig.  5-4  was  ~  0.141. 
Figure  5-4  shows  the  good  agreement  between  the  random  alloy  expression  and  the 
experimental  data.  v --"  '      '  ..      , 

Figure  5-4  may  also  be  used  to  deduce  information  about  the  electronic  mean 
free  path  and  the  electronic  dynamics.  The  Drude  relation  is  used  to  relate  the 
resistivity  to  the  mean  free  path,  i:  p  -  m*VF/ne^i.  Qualitatively  looking  at  the 
normalized  p  values  in  Fig.  5-4,  one  sees  that  the  endpoints  of  the  phase  diagram, 
e.g.,  UCu2Si2,  have  lower  resistivity  values,  implying  that  the  endpoint  compounds 
have  larger  mean  free  paths  than  the  compounds  with  disorder  (i.e.,  those  in  the 
middle  of  the  phase  diagram).         VS  ':  f ',  ,.<    :  •""   >  'J  \    '  ■    . 

One  may  calculate  the  mean  free  path  values  for  the  UCu2Si2-iGei  com- 
pounds. First,  to  match  the  volume  of  the  tetragonal  unit  cell  and  to  account  for 
the  change  in  the  size  of  the  unit  cell  with  Ge  doping  in  UCu2Si2-xGe3;,  one  may 
write  a  Vegard's  law  type  equation: 


a  =  asi(2  -  x)/2  +  aGex/2 


(5.4) 


where  as,  =  5.4  A  and  ace  =  5.527  A  [138].  The  electronic  density  per  unit  cell, 
Ne/a^,  may  now  be  calculated  with  the  conduction  electrons  coming  from  the  Cu 
atoms  and  Ne  =  8  with  each  Cu^"^  contributing  one  electron  to  the  conduction 
band  and  there  are  8  Cu  atoms  per  unit  cell  as  seen  in  Fig.  1-2  on  page  18.  The 
electronic  density,  n  ~  5.08  x  10~^  A~  ,  is  independent  of  the  Si/Ge  concentration 
in  the  UCu2Si2-xGea;  compounds.  Now,  the  Fermi  wave  vector,  k^,  is  ~  1.15  A~ 
and  it  is  independent  of  Si/Ge  concentration  too.  kp  is  on  the  same  order  of 
magnitude  as  that  for  a  normal  metal.  If  one  takes  the  residual  resistivity  value 
for  UCu2Si2  (8.44  x  10"®  ft  m  from  Table  5-3)  and  uses  the  previous  values  in  the 
Drude  formula  relating  the  resistivity  to  the  mean  free  path  [i  =  KkF/pne^  (MKS 
units)],  then  the  mean  free  path  value  for  annealed  UCu2Si2  is  ^  ~  110  A  and  the 
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product,  kpi,  is  ~  127.  This  is  an  interesting  result  because  the  mean  free  path 
for  annealed  UCu2Si2  is  on  the  same  order  of  magnitude  as  the  mean  free  path  of 
Cu  wire  at  room  temperature  (i  ~  390  A  [2])  despite  annealed  UCu2Si2  having 
a  po  ~  1000  times  bigger  than  for  normal  metals.  However,  the  mean  free  path 
should  be  scaled  down  by  about  a  factor  of  10.  The  reason  concerns  a  factor  of 
10  difference  between  the  (smaller)  measured  values  and  the  (larger)  predicted 
values  (from  Drude's  formula)  for  the  "drift  velocity"  in  a  Cu  wire  at  room 
temperature  [138,  2].  Since  the  drift  velocity  is  directly  proportional  to  the  mean 
free  path,  the  mean  free  path  is  divided  by  10  so  that  the  correct  current  density 
(=  -nev  where  v  is  the  drift  velocity)  at  room  temperature  is  obtained  [2].  Since 
Cu  wire  and  annealed  UCu2Si2  have  similar  transport  properties,  the  mean  free 
path  is  also  scaled  down  (by  a  factor  of  10)  to  ~  10  A  and  the  product  kpi  is  ~  10. 
If  one  moves  across  the  UCu2Si2-xGea;  phase  diagram  to  UCu2Sio.4Gei.6,  then 
the  lattice  spacing,  a,  expands  to  ~  5.5016  A  using  Eq.  5.4.  Hence  the  electronic 
density  and  Fermi  wave  vector  become  4.80  x  10"^  A"^  and  1.12  A~\  respectively. 
The  residual  resistivity  for  UCu2Sio.4Gei.6  (6.90  x  10"^  n  m  from  Table  5-4)  is  then 
used  in  Drude's  formula  and  the  calculated  mean  free  path  is  ~  1.39  A.  Instead 
of  scahng  down  by  a  factor  of  10,  UCu2Sio.4Gei.6  is  only  scaled  down  by  a  factor 
of  2  since  the  Si  concentration  has  been  reduced  by  a  factor  of  5.  The  corrected 
mean  free  path  is  ~  0.70  A  and  the  product,  kpi,  for  annealed  UCu2Sio.4Gei.6 
is  ~  0.80  [138].  Thus,  the  mean  free  path  for  UCu2Si2  is  more  than  an  order  of 
magnitude  larger  than  the  mean  free  path  for  UCu2Sio.4Gei.6.  Figure  5-4  shows 
that  the  smallest  mean  free  path  (or  the  largest  resistivity  by  the  Drude  relation) 
theoretically  occurs  at  around  x  =  1.3,  very  close  to  x  =  1.6,  the  compound  which 
has  the  highest  Tc  value.  This  implies  that  the  conduction  electron  dynamics  for 
UCu2Sio.4Gei.6  are  in  the  diffusive  regime  (also,  the  product,  k^^,  being  of  order 
one  for  UCu2Sio.4Gei.6  signifies  that  the  electrons  are  in  the  diffusive  regime). 
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Referring  back  to  Fig.  2-3  on  page  45  in  the  "Theory"  chapter,  one  may  assume 
that  the  Ge  rich  end  of  the  UCu2Si2_iGe2;  phase  diagram  is  in  the  diffusive  regime 
and  5  =  2  (along  with  cq  =  1)  for  Fig.  2-3.  Thus,  Fig.  2-3  in  the  "Theory"  chapter 
predicts  the  nonmonotonic  behavior  in  Tc  for  the  Ge  rich  end  of  UCu2Si2-iGea; 
due  to  the  electron  dynamics  being  in  the  diffusive  regime.  The  normahzed  Ge 
rich  end  resistivity  values  in  Fig.  5-4  justify  the  placement  of  the  electrons  in  the 
diffusive  regime  since  it  is  known  that  electrons  in  the  ballistic  regime  (i.e.,  on  the 
Si  rich  side  since  kp^  ~  10  for  UCu2Si2)  have  a  mean  free  path  (resistivity)  larger 
(smaller)  than  electrons  in  the  diffusive  regime  [137]. 

Figure  2-3  also  sheds  light  on  two  other  important  results  from  the  UCu2Si2-iGej; 
phase  diagram  on  page  144.  A  small  amount  of  dissipation,  indicated  by  r/o  in 
Fig.  2-3,  is  predicted  to  increase  Tq  by  about  1%  [137].  The  dissipation  is  con- 
trolled by  the  disorder  (for  the  Ge  rich  end  of  UCu2Si2-xGei,  disorder  is  introduced 
by  Si  doping).  Thus,  20%  Si  doping  on  the  Ge  site  in  UCu2Ge2  is  a  small  enough 
amount  of  dissipation  to  induce  approximately  a  1%  increase  in  Tc  and  create 
nonmonotonic  behavior  in  Tc  for  UCu2Si2-xGex  compounds.  Also,  having  taken 
into  consideration  Fig.  2-3  from  the  "Theory"  chapter,  one  may  now  explain  why 
no  nonmonotonic  behavior  is  found  on  the  Si  rich  side  of  the  UCu2Si2-a;Gex  phase 
diagram.  In  the  previous  paragraph,  it  was  determined  that  the  UCu2Si2's  electrons 
were  in  the  ballistic  regime.  In  fact,  from  Fig.  5-4  on  page  146,  one  sees  that  the 
mean  free  paths  for  Si  rich  end  compounds  are  much  larger  than  the  mean  free 
paths  for  Ge  rich  end  compounds,  implying  that  the  Si  rich  UCu2Si2-iGex  com- 
pounds have  electrons  that  are  in  the  ballistic  regime.  Electrons  that  are  in  the 
ballistic  regime  are  notated  with  (^  =  1  in  Fig.  2-3  of  the  "Theory"  chapter  and  one 
sees  that  the  theoretical  curve  gives  monotonic  behavior  for  electrons  in  the  ballis- 
tic regime,  even  when  a  small  amount  of  disorder  (i.e.,  dissipation)  is  introduced. 
Correspondingly,  the  Tc  values  on  the  Si  rich  side  of  Fig.  5-3  on  page  144  increase 
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monotonically  as  more  Ge  is  doped  on  the  Si  sites.  This  is  expected  from  Fig.  2-3 
in  the  "Theory"  chapter  since  the  electrons  are  in  the  ballistic  regime.  Thus,  the 
nonmonotonicity  in  Tc  as  a  function  of  Ge  doping  for  UCu2Si2-iGe3:  is  attributed 
to  the  conduction  electrons'  scattering  being  modified  by  disorder.  In  particular, 
the  conduction  electron  behavior  moves  from  the  ballistic  regime  to  the  diffusive 
regime  as  more  Ge  replaces  Si  in  UCu2Si2-xGei  compounds. 

Since  the  UCu2Si2-xGex  system  proves  the  theory  of  Silva  Neto  and  Castro 
Neto  concerning  the  interplay  of  disorder  and  spin  fluctuations  in  a  ferromagnetic 
alloy,  are  there  other  ferromagnetic  alloys  that  could  give  credence  to  this  theory 
or  is  UCu2Si2-iGe3;  just  a  sport?  One  work  that  provides  a  summary  of  some 
ferromagnetic  materials  is  by  DeLong  et  al.  [37].  Two  ferromagnetic  samples  from 
that  work,  UfrAl  (Tc  ^  64  K)  and  UPtAl  (Tc  ~  52  K),  were  made  as  endpoints 
of  a  phase  diagram  and  disorder  was  created  on  the  Ir/Pt  sites.  Preliminary  results 
show  that  the  Tc  values  are  nonmonotonic  for  unannealed  UIri_a.Pta;Al  in  Fig.  5-5 
on  page  152.  However,  the  Ufri-^PtxAl  system  may  not  be  applicable  to  the  theory 
of  Silva  Neto  and  Castro  Neto.  One  reason  concerns  the  structure  of  UPtAl  and 
UfrAl.  Both  compounds  belong  to  the  hexagonal  ZrNiAl-type  crystal  structure  [6]. 
The  hexagonal  crystal  structure  is  composed  of  alternating  two  types  of  basal-plane 
atomic  layers  along  the  c-axis.  One  plane  is  composed  of  all  U  atoms  and  1/3  of 
the  Pt/Ir  atoms  while  the  other  plane  contains  the  rest  of  the  Pt/fr  atoms  with 
all  of  the  Al  atoms  [6].  The  concern  is  disorder  affecting  the  magnetic  sublattice 
since  there  is  hybridization  of  5f  states  (from  the  U  atoms)  with  valence  electron 
states  of  ligands  (from  the  Pt/Ir  atoms).  Thus,  disorder  affecting  the  conduction 
electrons  may  not  be  the  only  mechanism  having  a  role  upon  the  magnetism  in 
the  UIri_a.Pta;Al  system.  Obviously,  further  measurements  need  to  be  performed, 
namely,  low  temperature  resistivity  measurements  to  investigate  whether  or  not 
electronic  dynamics  in  the  Ufri-^PtxAl  compounds  are  in  the  ballistic  or  diffusive 
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regime.  Finally,  if  the  dissipation  theory  of  Silva  Neto  and  Castro  Neto  does  not 
accurately  describe  the  nonmonotonic  behavior  in  the  UIri_xPtiAl  system,  then 
other  compounds  mentioned  by  De  Long  et  al.  may  be  good  candidates  since  the 
magnetic  sublattice  would  not  be  directly  affected  as  it  might  be  in  Vlvi^J'i^M. 
Other  possible  compounds  would  include  UCoGai-j^Sn^j.  (the  endpoints  have  a  Tc 
range  from  51  K  to  88  K),  UPtAli_^Ga^  (52  K  -  79  K),  UPtGai-^Sn^,  (79  K  - 
30  K),  UIrGai_^Sn^  (63  K  -  33  K),  and  URhAlj.^Ga^  (28  K  -  44  K)  [37].  All  of 
these  compounds  form  in  the  hexagonal  ZrNiAl  structure;  however,  the  disorder  in 
the  aforementioned  compounds  should  occur  only  on  the  basal  planes  without  the 
U  magnetic  moments  [6]  just  as  the  disorder  did  not  affect  the  magnetic  sublattice 
in  the  UCu2Si2-xGe2;  compounds.  ., 
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Figure  5-5:  Phase  diagram  for  unannealed  UIri_^Pt^Al  system.  The  hollow  squares 
represent  the  Tc  values  versus  Pt  doping  for  unannealed  UIri_a:Pta;AI  compounds. 
The  unannealed  samples  show  nonmonotonic  behavior  in  Tc  at  the  Ir  rich  end  and 
the  Pt  rich  end  of  the  phase  diagram.  The  vertical  error  bars  for  each  sample  are 
0.25  K  as  shown  on  the  UlrAl  T^  data  point. 
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CHAPTER  6 
CONCLUSIONS  AND  FUTURE  WORK 

6.1     UCus-iNij  Conclusions 

The  disorder  created  in  the  UCu5_xNix  system  by  the  substitution  of  Ni  atoms 
for  hgand  Cu  atoms  suppresses  the  antiferromagnetism  in  UCU5  and  creates  NFL 
behavior.  The  lattice  parameters  for  unannealed  and  annealed  (14  days  at  750°C) 
UCu5_2;Nij:  show  no  possibility  of  partial  sublattice  ordering  as  has  been  debated 
in  the  UCus-^Pda;  system.  The  smaller  Ni  atoms  (compared  to  the  Cu  atoms) 
are  distributed  equally  (~  25%)  on  the  4  smaller  Be  sites  in  the  AuBes  crystal 
structure  as  compared  to  less  than  5%  of  the  Pd  atoms  occupying  each  smaller  Be 
site  in  AuBes.  This  lack  of  sublattice  ordering  meant  that  distinctions  between 
quantum  criticality  and  disorder  could  be  made. 

The  specific  heat  for  UCu5_iNii  showed  that  annealed  (14  days  at  750°C) 
UCu4Ni  exhibited  NFL  behavior  down  to  the  lowest  temperature  of  measurement 
and  the  NFL  behavior  was  due  to  quantum  critical  point  spin  fluctuations.  The 
quantum  critical  point,  T^  -^  0,  was  demonstrated  by  the  UCu4Ni  specific 
heat  data  showing  no  antiferromagnetic  transition  down  to  its  lowest  measured 
temperature  (~  0.060  K)  as  occurred  in  annealed  UCu4.iNio.9  (T^v  ~  0.4  K).  Also, 
fitting  of  the  C/T  UCus-xNi^  data  to  the  spin  fluctuation  theory  of  Moriya  and 
Takimoto  predicts  a  quantum  critical  point,  yo  -^  0,  in  agreement  with  the  UCu4Ni 
data.  A  third  justification  of  quantum  criticahty  occurring  at  UCu4Ni  concerns 
the  Wilson  ratio  that  was  qualitatively  consistent  with  UCu4Ni  crossing  over  from 
magnetic  to  nonmagnetic.  Small  variations  in  the  Ni  concentration  around  UCu4Ni 
were  performed  in  order  to  investigate  the  roles  of  quantum  criticality  and  disorder 
in  UCu5_2;Nij. 
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The  Griffiths  phase  disorder  model  was  used  to  examine  the  NFL  behavior  in 
UCu5_xNix.  The  Griffiths  phase  disorder  model  is  a  combination  of  the  quantum 
critical  point  phenomena  with  disorder.  The  Griffiths  phase  is  brought  about  by 
rare  strongly  coupled  magnetic  spin  clusters  close  to  a  quantum  critical  point. 
The  closeness  for  UCus-iNi^.  is  a  5%  increase  of  the  Ni  concentration  from  the 
quantum  critical  concentration  of  UCu4Ni.  The  Griffiths  phase  for  UCu3.95Ni1.05 
was  characterized  by  power  law  behavior  for  dc  magnetic  susceptibility  and  specific 
heat  (i.e.,  x  ~  T-^+^x;  c/T  -^  T-^+^c/^).  According  to  the  specific  heat  the 
Griffiths  phase  existed  for  UCu3.95Ni1.05  (down  to  ~  0.060  K)  and  UCu3.9Nii.i 
(down  to  ~  0.3  K);  UCu3.8Nii.2  began  to  deviate  from  the  Griffiths  phase  behavior 
at  ~  0.5  K,  signifying  that  UCu3.8Nii.2  was  too  far  from  the  spin  fluctuations  of  the 
quantum  critical  point. 

The  specific  heat  of  UCu5_3;Nix  samples  around  the  quantum  critical  con- 
centration of  UCu4Ni  was  measured  in  various  magnetic  fields.  The  Griffiths 
phase  disorder  model  predicts  that  the  Griffiths  phase  disappears  above  a  certain 
crossover  magnetic  field  (determined  from  magnetization  versus  field  data  where 
the  magnetization  crosses  over  from  linear  behavior  to  power  law  behavior).  The 
Griffiths  phase  disorder  model  predicts  a  magnetic  field  induced  peak  above  the 
crossover  field  for  the  specific  heat.  UCu4.iNio.9  does  not  show  a  field  induced  peak 
above  its  determined  crossover  field  and  this  lack  of  a  peak  (at  3  T)  might  have 
a  correlation  with  the  antiferromagnetism  still  present  in  UCu4.iNio.9.  UCu4Ni 
also  does  not  show  a  field  induced  peak  above  its  crossover  magnetic  field  and 
this  may  be  related  to  the  quantum  critical  spin  fluctuations  present  in  UCu4Ni. 
UCu3.95Ni1.05  does  show  Griffiths  phase  (in  zero  field  specific  heat  data)  and  a  field 
induced  peak  above  its  crossover  magnetic  field  at  3  T.  However,  the  quantitative 
fit  of  the  Griffiths  phase  disorder  model  does  not  match  the  UCu3.95Ni1.05  data  at 
3  T  or  6  T.  UCu3.9Nii.i  is  the  only  concentration  where  the  Griffiths  phase  disorder 
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model  matches  the  specific  heat  data  above  the  determined  crossover  magnetic 
field  (i.e.,  at  6  T)  and  over  the  entire  measured  temperature  range.  The  Griffiths 
phase  disorder  model  matches  the  UCu3.8Nii.2  6  T  specific  heat  data  above  the 
determined  crossover  magnetic  field,  yet  the  temperature  range  is  limited  compared 
to  the  UCua.gNii.i  fit. 

Finally,  the  dc  magnetic  susceptibility  was  measured  in  higher  magnetic 
fields  to  provide  further  insight  into  the  behavior  of  the  Griffiths  phase.  The  dc 
magnetic  susceptibility  at  higher  magnetic  fields  for  UCus-iNii  just  added  to  the 
inconsistencies  of  the  Griffiths  phase  disorder  model,  especially  when  compared  to 
specific  heat  data  measured  at  the  same  magnetic  field.  For  example,  the  magnetic 
susceptibility  at  2  T  for  UCu4Ni  showed  power  law  behavior  over  more  than  a 
decade  of  temperature,  implying  possible  Griflaths  phase  behavior.  However, 
specific  heat  data  at  2  T  do  not  show  power  law  behavior  (predicted  by  the 
Griffiths  phase  disorder  model)  and  it  has  been  already  established  by  the  zero 
field  specific  heat  data  that  quantum  critical  fluctuations,  not  magnetic  spin  cluster 
fluctuations,  were  the  phenomena  occurring  in  UCu4Ni.  This  type  of  inconsistency 
was  found  at  some  magnetic  field  for  every  Ni  concentration  around  the  quantum 
critical  concentration  of  x  =  1.0.  Thus,  a  theoretical  model  more  complex  than  the 
Griffiths  phase  disorder  model  may  be  needed  to  explain  all  characteristics  of  the 
UCu5_a;Nij;  data. 

6.2    Future  Work  Derived  from  UCus-xNij  Results 

The  future  work  on  UCus-xNi^  will  be  divided  into  two  parts.  The  first  part 
involves  measurements  directly  upon  the  UCus-iNii  system  while  the  second  part 
involves  other  projects  related  to  the  UCus-jjNix  system. 

The  most  obvious  future  work  on  the  UCus-^iNij.  system  would  involve 
measuring  the  specific  heat  and  magnetic  susceptibility  for  the  concentrations 
around  x  =  1.0  down  to  dilution  refrigerator  temperatures  in  zero  field  (or  a  low 
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field  for  susceptibility)  and  0.5  T  field  intervals  up  to  ~  6  T.  One  might  be  able 
to  say  then  where  the  NFL  behavior  in  UCus.gNii.i  is  attributable  to  Griffiths 
phase  and  where  the  theory  explaining  the  NFL  behavior  in  UCus.gNii.i  should 
be  developed  more  by  possibly  combining  different  components  of  the  Kondo 
disorder  model,  self-consistent  renormalization  model,  and  quantum  Griffiths 
phase  together.  Also,  one  could  determine  a  little  more  accurately  which  Ni 
concentrations  had  their  NFL  behavior  described  sufficiently  by  Griffiths  phase 
behavior.  Those  Ni  concentrations  described  by  Griffiths  phase  would  have  a  little 
smaller  range  for  where  the  crossover  magnetic  field  occurs  due  to  the  onset  of  a 
field  induced  peak,  signifying  that  the  splitting  between  energy  levels  is  too  large 
such  that  tunneling  ceases.  Additional  insight  could  be  gained  about  Griffiths 
phase  behavior  ending  with  UCu3.8Nii.2  being  too  far  from  the  quantum  critical 
point  and  its  spin  fluctuations. 

Further  measurements  upon  the  UCu5_j;Nia;  samples  would  be  performed  to 
investigate  the  amount  of  disorder  in  the  UCu5_j;Nij:  system.  For  example,  EXAFS 
measurements  should  be  carried  out  on  UCu4Ni  to  determine  how  much  Ni  is 
on  the  larger  Be  site  and  the  smaller  Be  sites  in  the  AuBcs  structure  just  as  was 
done  on  unannealed  and  annealed  UCu4Pd  [15,  16].  It  would  also  be  interesting 
to  perform  //SR  and  NMR  studies  upon  UCu4Ni  so  that  further  insight  might  be 
gained  into  the  disorder  in  the  UCus-iNi-,.  system. 

A  further  extension  of  this  dissertation  would  concern  more  doping  of  the 
ligand  Cu  atoms  with  Ni  to  search  for  the  onset  of  spin-glass  behavior.  Work 
by  Chau  and  Maple  along  with  work  by  Koerner  et  al.  determined  that  spin 
glass  behavior  began  above  UCua.sPdi.s  [26,  77].  One  might  expect  spin  glass 
behavior  to  begin  above  UCua.sNii.s  in  light  of  the  fact  that  antiferromagnetism  is 
suppressed  for  annealed  UCu4Pd  [160]  and  annealed  UCu4Ni. 
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The  second  part  of  this  future  work's  section  concerns  new  projects  that 
are  offshoots  of  the  UCug-^Ni^  system  just  as  UCu5_:,Nix  was  an  offshoot  of 
UCu5_a;Pdx.  Other  transition  metals  have  been  tried  as  dopants  for  UCU5.  Chau 
and  Maple  suppressed  antiferromagnetism  in  UCu5_j;Pta;  and  found  NFL  behav- 
ior while  the  doping  of  Cu  using  Ag  or  Au  did  not  result  in  the  suppression  of 
magnetic  ordering  or  NFL  behavior  [26].  For  this  dissertation,  two  other  elements 
on  the  same  row  of  the  periodic  table  as  Ni  were  attempted:  Fe  and  Co.  UCu4Fe 
had  its  magnetic  susceptibility  measured  and  the  susceptibility  values  were  on  the 
order  of  hundreds  of  memu/mole  (as  compared  to  UCu5_^Ni^  being  on  the  order 
of  just  memu/mole)  and  did  not  show  NFL  behavior.  The  UCus-^Co^;  system  had 
magnetic  susceptibility  values  that  were  on  the  order  of  memu/mole  as  shown  in 
Fig.  6-1  on  page  162.  Figure  6-1  also  shows  that  the  variation  in  Co  concentrations 
(0.75  <  X  <  1.5)  does  not  suppress  the  antiferromagnetic  transition  temperature, 
Tat,  or  show  NFL  behavior  at  low  temperatures.  A  couple  of  explanations  may 
exist  for  the  lack  of  suppression  in  UCu5_j,Co;r-  First,  when  the  Cu  is  doped  with 
Co,  the  hybridization  may  move  the  45^  valence  electron  from  the  Cu  atom  [7]  and 
combine  it  with  the  3(f4s^  valence  electrons  from  the  Co  atom  [7]  and  create  a 
filled  3d^°  valence  shell.  Chau  and  Maple  have  suggested  that  a  completely  filled 
d-electron  shell  may  be  the  reason  why  UCu5_3;Ag^  or  UCu5_j,Aui  does  not  show 
NFL  behavior.  Second,  the  ligand  atoms  used  in  UCu5_3;Nia;,  UCus.^Pd^;,  and 
UCu5_jPtx  are  involved  in  hybridization  effects  with  the  U  5/  electrons  [117] 
that  lead  to  the  good  possibility  of  an  intermediate  electronic  configuration  of  the 
uranium  ions  (U^+  and  U^+  as  discussed  previously).  Schneider  et  al.  have  done 
photoemission  work  and  concluded  that  there  was  no  evidence  for  two  different 
final-state  5/  multiplets  in  the  valence-band  spectrum  of  UCus  [133].  Thus,  hy- 
bridization between  the  U,  Cu,  and  Co/Fe  atoms  could  result  in  an  integral  valency 
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Figure  6-1:  DC  magnetic  susceptibility  results  for  UCus-iCoa:.  The  low  temper- 
ature dc  magnetic  susceptibility  for  UCu5_a;Cox  samples  was  measured  in  a  1  kG 
magnetic  field.  The  antiferromagnetic  transition  temperature,  Tat,  is  not  sup- 
pressed with  the  change  in  Co  concentration.  The  Tat  values  are  the  maximum  x 
values  in  the  graph:  Tn  =  5.50  K  for  UCu4.25Coo.75;  T^  =  5.00  K  for  UCU4C0; 
T;v  =  4.75  K  for  UCu3.75C01.25;  and  T^v  =  4.75  K  for  UCU3.5C015. 
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of  the  uranium  ions.  This  integral  valency  could  be  the  reason  for  the  persistent 
ordering  temperature  in  samples  like  UCu5_2;Coi  and  UCu4Fe. 

A  couple  of  systems  involving  exploratory  synthesis  to  investigate  possible 
NFL  behavior  are  UCus.^Rh^,  UCug.^Mn^  and  UCu5_^Cr^.  One  possible  negative 
to  UCu5_j,Rhx  and  UCu5_j,Ir;r  is  that  hybridization  could  create  a  completely  filled 
d  shell  using  the  4s  ^  valence  electron  of  Cu  and  the  valence  electrons  of  Rh  and  Ir. 
The  possible  full  d-electron  shell  could  hinder  NFL  behavior  according  to  Chau  and 
Maple  [26].  A  similar  type  of  argument  might  be  made  for  UCus-xCr^^  since  the  4s^ 
valence  electrons  of  Cr  and  Cu  could  combine  to  create  a  stable  configuration  with 
the  3(f  and  3d}°  valence  electrons  of  Cr  and  Cu  respectively.  If  the  Cu  in  UCus 
were  doped  with  Mn,  a  partially  filled  d  shell  would  probably  occur  as  happened 
in  UCu5_:cNix,  UCu5_xPdx,  and  UCus-xPt^.  The  only  concern  (although  this 
should  not  inhibit  one  from  synthesizing  a  few  samples)  about  doping  Cu  with  Mn 
is  that  hybridization  between  the  U,  Cu,  and  Mn  atoms  could  lead  to  an  integral 
valency  in  uranium  as  was  discussed  at  the  end  of  the  previous  paragraph.  Thus, 
the  possibility  of  UCu5_:cMnx  not  showing  NFL  behavior  could  occur  as  happened 
with  UCu5_iCox  and  UCu4Fe. 

6.3     UCu2Si2-xGex  Conclusions 

The  disorder  created  in  the  UCu2Si2-xGei  system  by  doping  the  Si  atoms 
with  Ge  atoms  does  create  nonmonotonic  behavior  in  Tc  on  the  Ge  rich  side  of  the 
phase  diagram  with  a  maximum  Tc  value  occurring  for  UCu2Sio.4Gei.6  as  seen  in 
Fig.  5-3.  The  Tc  behavior  of  the  UCu2Si2-iGea;  system  is  directly  attributable  to 
the  Si/Ge  disorder  since  the  magnetic  sublattice  of  the  UCu2Si2-iGea;  system  is  not 
affected  by  the  Si/Ge  substitution  and  minor  stoichiometric  differences  in  the  Cu, 
Si,  and  Ge  do  not  vary  the  Tc  values.  The  Si/Ge  disorder  brings  about  dissipation 
as  electrons  scatter  from  localized  moments.  The  dissipation  combined  with  the 
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thermal  and  quantum  fluctuations  is  responsible  for  the  nonmonotonic  behavior  in 

The  reason  for  nonmonotonic  behavior  occurring  on  the  Ge  rich  side  of 
UCu2Si2_xGej;  and  not  the  Si  rich  side  is  due  to  the  source  of  dissipation.  The 
dissipation  on  the  Ge  rich  side  is  due  to  diffusive  electrons  which  are  predicted  by 
Silva  Neto  and  Castro  Neto  [137]  to  increase  Tc  by  ~  1%  compared  to  the  ferro- 
magnetic case  without  dissipation  (i.e.,  UCu2Ge2).  The  dissipation  on  the  Si  rich 
side  is  brought  about  by  ballistic  electrons.  The  dissipation  by  ballistic  electrons 
when  combined  with  quantum  and  thermal  fluctuations  is  not  predicted  to  enact 
nonmonotonic  behavior  on  Tc  as  confirmed  by  the  Si  rich  side  of  UCu2Si2-xGej;. 

The  distinction  between  diffusive  and  ballistic  electrons  is  made  by  the 
normalized  residual  resistivity  values.  The  ballistic  electrons  have  a  much  larger 
mean  free  path  than  the  diffusive  electrons  which  experimentally  means  that  the 
resistivity  values  in  the  ballistic  regime  should  be  much  smaller  than  the  resistivity 
values  in  the  diffusive  regime.  The  normalized  residual  resistivity  values  are  about 
a  factor  of  10  larger  for  UCu2Sio.6Gei,4  and  UCu2Sio.4Gei.6  (i.e.,  the  diffusive 
regime)  compared  to  UCu2Si2  (i.e.,  the  ballistic  regime).  The  occurrence  of  the 
diflfusive  regime  in  UCu2Sio.6Gei.4  and  UCu2Sio.4Gei.6  is  also  the  place  in  the 
UCu2Si2-iGea;  phase  diagram  where  nonmonotonic  behavior  in  Tc  occurs  (i.e., 
~  1%  increase  in  the  Tc  value  of  UCu2Sio.4Gei.6  as  compared  to  the  Tc  value  of 
UCu2Ge2).  .    '^■ 

6.4     UCuaSia-xGex  Future  Work 
Some  of  the  future  work  pertaining  to  UCu2Si2-iGe3;  has  already  been 
addressed  in  the  "UCu2Si2-xGex  Results  and  Discussion"  chapter.  The  primary 
focus  of  any  future  work  would  be  to  try  and  find  possible  ternary  (and  maybe 
binary)  systems  that  display  nonmonotonic  behavior  with  Tc  increasing  compared 
to  a  non-disordered  ferromagnet.  Creating  disorder  in  a  ferromagnetic  system  is 
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not  difficult  to  acfiieve;  fiowever,  creating  structural  disorder  so  that  it  is  the  only 
different  physical  mechanism  is  difficult  since  structural  disorder  usually  affects  the 
magnetic  sublattice  in  a  system  such  as  U(Nii_xCu:r)2Si2  [81].  The  UIri_:,Pt^Al 
system  in  Fig.  5-5  of  the  "UCu2Si2-xGe^  Results  and  Discussion"  chapter  shows 
nonmonotonic  behavior  in  Tc  as  a  function  of  Pt  concentration.  The  future 
work  for  UIri_3;PtxAl  concerns  measuring  the  resistivity  to  see  if  the  electronic 
behavior  may  be  separated  into  a  diffusive  and  ballistic  regime  as  occurred  for 

UCu2Si2-xGea:. 

Other  ferromagnetic  systems  that  could  be  candidates  for  nonmonotonic 
behavior  in  Tc  are  listed  in  the  work  of  De  Long  et  al.  [37].  Possible  systems 
that  could  be  synthesized  to  measure  their  Tc  values  for  nonmonotonic  behavior 
are  URhGai.^Sn^,  URhGai^^AU,  UIrAli_xSnx,  UIrGai_xSnx,  UCoGai_xSn:„ 
and  UPtGai-iSuj:.  The  endpoint  compounds  for  all  the  systems  listed  previously 
crystallize  in  the  hexagonal  ZrNiAl  structure.  The  structural  disorder  would  be 
created  on  the  basal  plane  (of  the  ZrNiAl  structure)  not  containing  the  U  atoms; 
thus,  the  structural  disorder  should  not  affect  the  magnetic  sublattice. 
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Figure  A-1:  Theoretical  and  experimental  x-ray  diffraction  patterns  for  annealed 
UCu4Ni.  The  top  x-ray  diffraction  pattern  is  the  theoretical  pattern  for  UCU5  that 
was  generated  from  literature  values  [33,  155].  The  bottom  x-ray  diffraction  pattern 
is  the  experimental  diffraction  pattern  for  UCu4Ni  that  was  annealed  14  days  at 
750°C.  The  (hkl)  values  are  pointed  out  for  the  theoretical  and  experimental  x-ray 
diffraction  patterns. 
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Figure  A-2:  Lattice  parameter  values  versus  corresponding  error  function  values 
for  annealed  UCu4Ni.  The  lattice  parameter  values  are  represented  by  the  hollow 
squares.  The  best  fit  line  equation  for  the  lattice  parameter  values  (a)  versus  the 
error  function  values  (f)  is  a  =  6.98616  -  0.00649  f.  Thus,  the  intercept  provides 
the  lattice  parameter  value  for  annealed  UCu4Ni.  The  intercept  has  0.00370  A  sub- 
tracted from  it  due  to  the  x-ray  machine's  offset  determined  by  running  a  standard 
piece  of  Si  as  discussed  in  the  dissertation.  After  the  subtraction,  the  6.98246  A 
value  matches  the  value  reported  in  Table  4-1  for  annealed  UCu4Ni. 
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Figure  B-1:  Low  temperature  magnetoresistance  measurements  of  annealed 
UCu4Ni.  The  resistivity  measurements  were  taken  in  fields  of  0,  1,  4,  10,  and 
13  T.  Best  fit  lines  (not  shown  in  the  graph)  were  determined  for  each  set  of  data: 
p  =  797-  24.8  TO-432  for  H  =  0  T,  /j  =  792  -  18.9  T^-^^i  ^j.  h  =  1  T,  p  =  793  - 
17.0  TO-^94  foj.  H  =  4  T,  p  =  783  -  14.3  TO-^^o  for  H  =  10  T,  and  p  =  775  - 
13.0  TO-^62  foj.  H  =  13  T. 
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Figure  B~2:  Low  temperature  magnetoresistance  measurements  of  annealed 
UCu3.95Ni1.05.  The  resistivity  measurements  were  taken  in  fields  of  0,  1,  4,  10,  13, 
and  18  T.  The  inset  shows  a  larger  temperature  range  for  13  T.  The  13  T  data  in 
the  inset  and  the  primary  graph  are  within  0.7%  of  each  other  at  ~  0.38  K  despite 
having  their  resistivity  taken  with  different  probes.  Best  fit  lines  (not  shown  in  the 
graph)  were  determined  for  each  set  of  data:  p  =  929  -  23.8  T'^-^^^  for  H  =  0  T, 
/9  =  921  -  15.7  T°-593  for  H  =  1  T,  p  =  922  -  14.7  TO-^22  for  H  =  4  T,  p  =  913  - 
12.7  TO-745  foj.  H  =  10  T,  p  =  905  -  11.6  T«^ii  for  H  =  13  T,  and  p  =  890  - 
10.4  TO-750  for  H  =  18  T.  p  =  900  -  11.7  T^-^^^  ^g  ^he  best  fit  line  for  the  13  T  data 
in  the  inset. 


APPENDIX  C 
UCu5-xNi^  MAGNETIC  SUSCEPTIBILITY  GRAPHS 


UCu,,Ni„ 


annealed  14  days  TSO'C 


0.010 
0.009 
0.008 

0.007 

"S" 

O    0.006 

E 

g    0.005 
-^   0.004- 
0.003- 
0.002 
0.001 


+  H  =  4  T  (added  0.003) 

O  H  =  3T(added0.00175) 

A  H  =  2  T  (added  0.00075) 

O  H  =  1  T  (subtracted  0.00020) 

D  H  =  0. 1  T  (subtracted  0.00080) 


10 


100 


500 


T  (K)  on  log,g  scale 


UCu„Ni„ 


annealed  14  days  750°C 


0.01 


1E-3 


100 


500 


T  (K)  on  log,Q  scale 


Figure  C-1:  Semilog  and  log-log  plots  of  UCu4.iNio.9  dc  susceptibility.  The  top 
graph  is  a  semilog  plot  of  annealed  (14  days  at  750°C)  UCu4.iNio.9  dc  magnetic 
susceptibility  at  various  magnetic  fields.  The  bottom  graph  is  a  log-log  plot  of 
the  same  dc  magnetic  susceptibility  data.  All  best  fit  lines  are  stated  explicitly  in 
Tables  4-7,   4-8,  and  4-9. 
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Figure  C-2:  Semilog  and  log-log  plots  of  UCua.gsNii.os  dc  susceptibility.  The  top 
graph  is  a  semilog  plot  of  annealed  (14  days  at  750°C)  UCu3.95Ni1.05  dc  magnetic 
susceptibility  at  various  magnetic  fields.  The  bottom  graph  is  a  log-log  plot  of 
the  same  dc  magnetic  susceptibility  data.  All  best  fit  lines  are  stated  explicitly  in 
Tables  4-7,   4-8,  and  4-9. 
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Figure  C-3:  Semilog  and  log-log  plots  of  UCug.gNii.i  dc  susceptibility.  The  top 
graph  is  a  semilog  plot  of  annealed  (14  days  at  750°C)  UCua.gNii.i  dc  magnetic 
susceptibility  at  various  magnetic  fields.  The  bottom  graph  is  a  log-log  plot  of 
the  same  dc  magnetic  susceptibility  data.  All  best  fit  lines  are  stated  explicitly  in 
Tables  4-7,   4-8,  and  4-9. 
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Figure  C-4:  Semilog  and  log-log  plots  of  UCus.gNii.a  dc  susceptibility.  The  top 
graph  is  a  semilog  plot  of  annealed  (14  days  at  750°C)  UCug.gNii.a  dc  magnetic 
susceptibility  at  various  magnetic  fields.  The  bottom  graph  is  a  log-log  plot  of 
the  same  dc  magnetic  susceptibility  data.  All  best  fit  lines  are  stated  explicitly  in 
Tables  4-7,   4-8,  and  4-9.  ...  .  ... 
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Figure  D-1:  The  determination  of  TNed  for  annealed  UCu4.4Nio.6-  The  determi- 
nation was  performed  using  annealed  (14  days  at  750°C)  UCu4.4Nio.6  specific  heat 
results.  The  semilog  plot  was  used  to  better  illuminate  the  plateau  below  the  TNiei 
value.  The  intersection  of  the  two  straight  lines  occurs  at  ~  4.06  K  with  an  uncer- 
tainty of  0.33  K,  the  temperature  interval  data  points  were  taken  around  4  K. 
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Figure  D-2:  Specific  heat  of  annealed  UCu4Ni  in  6  and  13  T.  The  specific  heat 
data  below  2  K  is  shown.  The  specific  heat  for  both  sets  of  data  had  the  lattice 
contribution  subtracted  oft':  AC/T  =  C/T  -  O.ITST^  -  O.OOllT^  The  upturns  at 
the  lowest  measured  temperatures  are  believed  to  be  Schottky  like  anomalies  due  to 
the  Cu  atoms. 
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Figure  D-3:  Specific  heat  of  UCu4Ni  in  13  T  with  Castro  Neto-Jones  fit.  UCu4Ni 
was  annealed  for  14  days  at  750°C.  The  specific  heat  had  its  lattice  and  Schot- 
tky  anomaly  contributions  subtracted  off:  AC/T  =  C/T  -  0.178X2  -  O.OGllT'*  - 
2.22/T3.  The  soUd  line  is  a  Castro  Neto-Jones  fit  to  the  13  T  data  from  0.357  K  to 
8.98  K:  AC/T  =  m^+^l^-H/T /r^z-x/^  +  ^  ^^^^^  ^  ^  33  ^^  „  ^  3  35^  ^  ^  q  g^j 

(fixed  from  magnetization  versus  field  data  in  Table  4-4),  and  D  =  96.3. 
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Figure  D-4:  UCu4.iNio.9  specific  heat  data  in  3  T  and  6  T  on  a  log-log  plot.  The 
right  hand  axis  applies  to  the  6  T  data.  The  linear  fits  were  determined  with 
the  maximum  temperature  range  yielding  the  minimum  standard  deviation: 
H  =  3  T  -  logio(AC/T)  =  2.49  -  0.3801ogioT  for  1.42  <  T  <  4.29  K;  and  H  =  6  T 
-  logio(AC/T)  =  2.47  -  0.3031ogioT  for  2.10  <  T  <  7.46  K.  The  specific  heat  data 
had  the  lattice  contribution  and  Schottky  anomaly  contribution  subtracted  off: 
AC/T  =  C/T  -  (0.178T2  +  O.OOllT'^)  -  0.0135H7t3. 
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Figure  D-5:  UCu4Ni  specific  heat  data  in  2  T  and  3  T  on  a  log-log  plot.  UCu4Ni 
was  annealed  14  days  at  750°C.  The  linear  fits  were  determined  with  the  max- 
imum temperature  range  yielding  the  minimum  standard  deviation:  H  =  2  T 
-  Iogio(AC/T)  =  2.09  -  0.2391ogioT  for  1.20  <  T  <  4.18  K;  and  H  =  3  T  - 
logio(AC/T)  =  2.17  -  0.2561ogioT  for  1.73  <  T  <  4.49  K.  The  specific  heat  data 
have  the  lattice  contribution  and  Schottky  anomaly  contribution  subtracted  off: 
AC/T  =  C/T  -  (0.178T2  +  O.OOllT^)  -  0.0132HVT3. 
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Figure  D-6:  UCu3.95Ni1.05  specific  heat  data  in  2  T  on  a  log-log  plot.  UCu3.95Ni1.05 
was  annealed  for  14  days  at  750°C.  The  linear  fit  was  determined  with  the  max- 
imum temperature  range  yielding  the  minimum  standard  deviation:  H  =  2  T  - 
logio(AC/T)  =  2.03  -  0.223  log^oT  for  1.07  <  T  <  2.90  K.  The  specific  heat  data 
have  the  lattice  contribution  and  nuclear  hyperfine  contribution  subtracted  off: 
AC/T  =  C/T  -  (0.178T2  +  O.OOllT^)  -  O.OISOHVT^. 
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Figure  D-7:  UCu3.8Nii.2  specific  heat  data  in  3  T  on  a  log-log  plot.  UCu3.8Nii.2  was 
annealed  for  14  days  at  750°C.  The  linear  fit  was  determined  with  the  maximum 
temperature  range  yielding  the  minimum  standard  deviation:  logio(AC/T)  =  2.00 
-  0.0587  logioT  for  0.902  <  T  <  3.46  K.  The  specific  heat  data  have  the  lattice 
contribution  and  Schottky  anomaly  contribution  subtracted  oif:  AC/T  =  C/T  - 
(0.178T2  +  O.OOllT^)  -  0.0125HVT^ 
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Disorder  is  created  when  an  element  on  the  periodic  chart  of  elements  replaces 
atoms  of  another  element  in  a  metallic  compound.  Cu  atoms  in  UCug  are  replaced 
by  Ni  atoms  while  Si  atoms  are  replaced  by  Ge  atoms  in  UCu2Si2. 

The  low  temperature  (<  20  K)  magnetic  behavior  of  UCus  is  suppressed 
towards  zero  as  the  Ni  atoms  replace  the  Cu  atoms.  The  magnetism  is  suppressed 
to  zero  for  UCu4Ni  and  the  low  temperature  physical  properties  for  UCu4Ni  (and 
adjacent  Ni  concentrations)  display  atypical  metallic  properties.  The  UCu5_a;Ni3; 
results  test  theorists'  predictions  that  try  to  describe  such  abnormal,  low  tempera- 
ture properties. 

The  replacement  of  semiconducting  Si  atoms  by  semiconducting  Ge  atoms 
enhances  the  magnetic  transition  temperature  nonlinearly  in  UCu2Si2.  Measure- 
ments upon  UCu2Si2-a;Gei  reveal  information  about  the  interactions  occurring 
on  the  microscopic  level.  These  interactions  that  lead  to  transition  temperature 
enhancement  could  have  important  implications  for  semiconductor  technology. 
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